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ABSTRACT OF THE DISSERTATION 
 
Experimental models of Brain Hemorrhage using Clostridial Collagenase 
 
by 
 
Tim Lekic 
 
Doctor of Philosophy, Graduate Program in Physiology 
Loma Linda University, September 2010 
Dr John H. Zhang, Chairperson 
 
 
Stroke is the third leading cause of death and is the leading cause of 
disability in the United States, and the most severe form is known as 
intracerebral hemorrhage, which is bleeding into the brain. The goal of this study 
is to establish novel animal models to buildup foundations for translational 
research of intracerebral hemorrhage. We, for the first time, established four 
animal models, including cerebellum hemorrhage, pontine hemorrhage, neonatal 
matrix hemorrhage and maternal postpartum hemorrhage. Those models are 
established according to intracerebral hemorrhage patient subpopulations, and 
characterized the neurobehavioral and morphological outcomes. These studies 
have established the requisite for future translational work to test neuroprotective 
drugs with the aim of improving the quality of life for these vulnerable patient 
populations. 
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CHAPTER ONE 
BACKGROUND 
 
Introduction 
The posterior circulation is an understudied brain region that is affected by 
stroke. When translational research progresses to clinical trials, most trials will enroll 
very few or completely exclude posterior stroke patients (Clark et al., 2000; Clark et 
al., 1999; Foulkes et al., 1988; Hacke et al., 1995; Mendelow and Unterberg, 2007).  
Though posterior circulation strokes are too uncommon in some population 
centers to achieve sufficient numbers, others try to control for the heterogeneity 
between the anterior and posterior circulations (Macleod, 2006; Macleod et al., 
2005). This leads to evidence-based guidelines that may not sufficiently represent 
some important spectrums of stroke. For these reasons, experimental animal 
models could be a useful tool to address posterior circulation treatment strategies 
(Macleod, 2006). Therefore, this chapter will describe the characteristics of 
posterior circulation strokes, posterior fossa imaging, neurovascular features, and 
experimental models for further study of this brain region.  
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Anatomy of Human Posterior Circulation 
Vertebrobasilar Vascular Anatomy 
The posterior circulation originates from the paired vertebral arteries and a 
single basilar artery (Fig. 1A), which supplies the inferior thalamus, occipital 
lobes, midbrain, cerebellum and brainstem (Fig. 1B-C).  At the ponto-medullary 
junction, the vertebral arteries fuse to form the basilar artery, which then courses 
along the ventral aspect of the pons and mesencephalon (Duvemoy, 1999).  
From the basilar artery, dorsolateral (circumferential) superficial vessels branch 
out to the lateral sides and course toward the cerebellum, while deep 
(paramedian) branches perforate directly into the brainstem, along the ventral 
aspect.  The basilar artery terminates at the mesencephalic cistern, with 
perforator branches to parts of the diencephalon, and bifurcation into the paired 
posterior cerebral arteries (PCA). The PCAs course laterally to combine with the 
posterior communicating arteries (PComA), and then continue to supply parts of 
the occipital and temporal cortices.  
The circumferential, paramedian and other perforator branches are called 
“terminal vascular branches”, which lack collateral flow and may potentiate focal 
ischemia during vertebrobasilar vessel occlusions.  The pontine paramedian and 
the lateral cerebellar circumferential branches are the most common sites of 
hemorrhage in this brain region. Several clinical syndromes (Table 1) are 
described for posterior circulation vascular injuries (Ferbert et al., 1990; Worthley 
and Holt, 2000). 
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Figure 1. (A) The circle of Willis supplies abundant collateral circulation to the 
forebrain and hindbrain. Dotted line depicts separation between anterior and 
posterior circulations at the posterior communicating artery (PComA). Double-
headed arrow indicates potential reversal of flow across PComA. (B) Volumetric 
3-dimensional (3D) reconstruction of the human brain is color coded to display the 
predominant vascular distributions. (C) Serial sagittal sections of (B), showing the 
depth of anterior and posterior circulations. ACA indicates anterior cerebral artery; 
CA, carotid artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; 
AICA, anterior inferior cerebellar artery; ASA, anterior spinal artery; BA, basilar 
artery; PICA, posterior inferior cerebellar artery; SCA, superior cerebellar artery 
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The Circle of Willis and Vertebrobasilar Vascular Reserve 
Vascular reserve within the basilar circulation includes bidirectional flow 
through the AICA, PICA and cerebellar leptomeninges (de Oliveira et al., 
1995; Lister et al., 1982). The leptomeningeal interconnections between 
cerebellar arteries are similar to the cerebral-pial network and can reverse blood 
flow back through the tributaries of the basilar artery (Bergui et al., 2007).   
 
Table 1. Posterior circulation brain regions and clinical signs after injury 
 
SCA indicates superior cerebellar artery; AICA, anterior inferior cerebellar artery; 
BA, basilar artery; PICA, posterior inferior cerebellar artery 
 
 
Vessel(s) 
 
Brain Region(s) Contralateral Sign(s) Ipsilateral Sign(s) 
    
SCA Superior and middle cerebellar 
peduncles 
Horner’s syndrome, 
Loss of pain and 
temperature sensation, 
Nausea, Vomiting 
Cerebellar ataxia, 
Dysarthria, Nausea, 
Vomiting 
 
AICA 
Middle cerebellar 
peduncle, Pons 
(lateral-caudal), 
Caudal Medulla 
 
Loss of pain and 
temperature sensation, 
Nausea, Vomiting 
Horner’s syndrome, 
Facial and lateral gaze 
weakness, Deafness, 
Tinnitus, Nausea, 
Vomiting 
 
    
 
BA 
(caudal) 
Medulla (medial) Hemipalagia, but facial structures unaffected 
Tongue paralysis 
(hypoglossal nerve) 
    
PICA Cerebellum (inferior), Medulla 
(lateral) 
Loss of pain and 
temperature sensation, 
Nausea, Vomiting 
Horner’s syndrome, 
Sensory loss, 
Diplopia, Nystagmus, 
Hiccups, Nausea, 
Vomiting 
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Outside the posterior circulation, the direction of blood flow can be 
reversed through hemodynamic connections between PComA (posterior 
communicating artery), first PCA segment, and carotid circulation (Bergui et al., 
2007).  Increased PComA vessel luminal size is directly proportional to improved 
patient outcome after basilar artery and first segmental PCA occlusions 
(Steinberg et al., 1993).  Patients with PComAs greater than 1 mm in diameter 
have less ischemic injury during carotid territory occlusions (Schomer et al., 
1994).  During basilar artery occlusion, PComAs reverse blood flow through the 
basilar bifurcation, PCA and SCA (quadrigeminal plate) (Bergui et al., 2007). 
However, individual variations in arterial anatomy and the collateral circulation 
are common (asymmetric or single vertebral arteries, SCA and AICA branching 
variants, small PComAs) and these can narrow the basilar artery, diminishing 
vascular reserve, and leading to a greater incidence and severity of stroke 
(Bergui et al., 2007; Chaturvedi et al., 1999; Ganesan et al., 2002; Schomer et 
al., 1994; Steinberg et al., 1993). 
 
Posterior Circulation Stroke 
Ischemic Stroke 
One quarter of all ischemic strokes are located in the vertebrobasilar (VB) 
territory (Bamford et al., 1991; Bogousslavsky et al., 1988). These are usually 
caused by thrombi/emboli, and rarely from vertebral artery dissection of C1-2 
vertebral level trauma (Worthley and Holt, 2000). Patients with large vessel 
(basilar artery or intracranial VA) occlusions affecting the brainstem tend to have 
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a worse prognosis while small lacunar occlusions generally do well, so long as 
cardiorespiratory centers are intact (Macleod, 2006). Clinical features are 
summarized in table 1. 
Patient outcomes after VB ischemic stroke have been somewhat the 
subject of debate. The Oxfordshire Community Stroke Project (Bamford et al., 
1991) prospectively followed 129 patients and found a 14% mortality and 18% 
major disability rate, while the New England Medical Centre Posterior Circulation 
Registry (NEMC- PCR) (Glass et al., 2002) found a 4% death and 18% disability 
rate, with a prospective study of 407 patients. For basilar artery occlusion (BAO), 
the most severe form of VB ischemic stroke, a systematic analysis of 10 
published case series and 344 patients, reported an overall death or dependency 
rate of 76% (Lindsberg and Mattle, 2006), while the NEMC- PCR study with 87 
patients reported poor outcomes in 28-58% of patients (Voetsch et al., 2004).  
Experimental models are available to study ischemic posterior circulation stroke 
(Table 2). 
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Table 2. Experimental animal models of posterior circulation stroke 
 
 
VA indicates vertebral artery; BA, basilar artery; CCA, common carotid artery; 
MAP, mean arterial pressure; PCA, posterior cerebral artery; PComA, posterior 
communicating artery; SCA, superior cerebellar artery 
 
Study Stroke Type Species Experimental Method Injury Region 
Henninger et al, 2006 Ischemic Rat Injected Autologous clots into VA 
Brainstem 
Cerebellum 
Shiroyama et al, 1991 Ischemic Rat Endoluminal suture into BA Brainstem 
Sekiguchi et al, 2005 Ischemic Rat Microspheres into right CCA 
Cerebellum 
(minor) 
Forebrain 
(major) 
Yao et al, 1990 Ischemic Rat Cauterized VA and decreased MAP 
Brainstem 
Cerebellum 
Wojak et al, 1991 Ischemic Rat Coagulated BA Brain Stem 
Cossu et al, 1994 Hemorrhagic Rat Autologous blood injection Cerebellum 
Hata et al, 1994 Ischemic Cat Extra-cranial VA occlusion 
Brainstem 
Cerebellum 
Nakahara et al, 1991 Ischemic Cat Radiographic embolization of VA 
Brainstem 
Cerebellum 
Chung et al, 1993 Hemorrhagic Cat Autologous blood injection Brain Stem 
Kuwabara et al, 1988 Ischemic Dog Occluded perforators of PCA Brainstem 
Guo et al, 1995 Ischemic Dog 
Embolized PComA and SCA, then 
clamped VA and ventral spinal 
artery 
Brainstem 
Qureshi et al, 2004 Ischemic Dog Radiographic embolization BA Brainstem 
Yamada et al, 1984 Ischemic Gerbil Vascular-clip to BA 
Brainstem 
Cerebellum 
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Intracerebral Hemorrhage 
A fifth of all intracerebral hemorrhage (ICH) occurs in the cerebellum or 
brainstem (Flaherty et al., 2005; Sutherland and Auer, 2006). Brainstem 
hemorrhages have a 65% mortality rate and around 40% after cerebellar 
hemorrhage (Balci et al., 2005; Flaherty et al., 2006; Hill et al., 2000). Prolonged 
endovascular cerebrovascular damage from uncontrolled hypertension leads to 
arteriosclerotic and amyloid angiopathic changes, vessel fragility and rupture at 
the deep cerebellar vessels or brainstem basilar (paramedian) branches or at 
(Qureshi et al., 2001; Sutherland and Auer, 2006). Less common causes of 
occurrence are: cancer, coagulopathy, or vascular anomalies (arterial-venous 
malformations, aneurysms, cavernomas and dural arteriovenous fistulas) 
(Qureshi et al., 2001; Sutherland and Auer, 2006).  For most patients, supportive 
care is the only treatment rendered, since surgery is only available for one-
quarter of hospitalized cerebellar hemorrhage patients, and the brainstem is not 
surgically accessible (Adeoye et al., 2008; Fewel et al., 2003; Morioka et al., 
2006; Tuhrim, 2008). Mechanisms of infratentorial hemorrhage have never been 
studied and to this end we have developed a novel animal model using 
collagenase to induce hemorrhage (Fig. 2).  
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Figure 2. Multiple image contrasts can be used to identify the rostral-caudal extent of ICH (*). (A 
and G) T2 weighted imaging (T2WI) can easily identify the location of the ICH injury based on 
loss of signal within the hemorrhage. (B and H) Diffusion-weighted imaging (DWI) is more 
useful to evaluate ongoing cellular changes within the tissue, with increased signal around the 
ICH lesion, consistent with cellular swelling. (C and I) T1 weighted imaging (T1WI) evaluates 
the blood brain barrier by application of an exogenous contrast agent, like Gadolinium. (D and 
J) More recently susceptibility weighted imaging (SWI) has been shown to be extraordinarily 
sensitive to extravascular blood (dotted line), SWI identifies a larger region of hemorrhage and 
is particularly useful for small hemorrhages that may not be visible on standard imaging 
modalities. All imaging data can be readily correlated with (E and K) gross and (F and L) 
microscopic histological specimens.  (M and N) 3D views of the lesion location and extract 
quantitative volumetric data simultaneously. Dorsal, saggital and oblique views clearly illustrate 
the location and size of infratentorial ICH. (For MRI, histological and gross sections: C-
cerebellum, P-pons.  3D-reconstructions: Cb-cerebellum, Ctx –cortex). 
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Diagnostic Imaging of the Posterior Fossa 
There are a variety of non-invasive imaging methods that can assess the 
location and severity of infratentorial stroke, including ultrasound, magnetic 
resonance imaging (MRI), computed tomography (CT) and positron emission 
tomography (PET). Duplex transcranial Doppler ultrasound can demonstrate 
hypoperfusion deficits along the circle of Willis, detecting compromised 
(collateral) blood flow throughout the vertebrobasilar territory.  Ultrasound can 
also confirm post-treatment recanalizations of hypoperfused vessels (Worthley 
and Holt, 2000). The current standard for initial assessment of stroke is CT, due 
to its speed of acquisition and its availability in emergency departments. CT can 
readily visualize posterior fossa extra-vascular blood either as bleeding from 
spontaneous intracerebral hemorrhage or hemorrhagic transformation after 
ischemic stroke, and is commonly used to stratify patients at risk of bleeding prior 
to anticoagulant or thrombolytic therapy (Donnan, 1992; Worthley and Holt, 
2000). While CT is excellent for extravascular blood (and its degradation 
byproducts) it poorly detects ischemic lesions in the posterior fossa due to the 
abundance of bony artifacts, except for cerebellar infarctions, which are less 
obstructed (Donnan, 1992).   
In contrast to CT, MRI can easily report both extravascular blood and 
ischemic tissues throughout the complete hindbrain and posterior fossa (1989). A 
unique feature of MRI is that multiple contrast levels (e.g. T2, T1, diffusion etc; 
Fig. 2) are available to ascertain tissue status, including ischemia.  Extravascular 
blood from intracerebral hemorrhage is readily visible on T2-weighted imaging 
 12 
due to the dephasing properties of heme in the blood. MR imaging of iron within 
the brain, either as part of hemoglobin or other nonheme-containing regions, has 
been studied extensively and has recently been reviewed (Haacke et al., 2005). 
MR and biochemical studies have shown that hemosiderin (proteolytic 
degradation of ferritin) is likely the MR visible degradation product after 
hemorrhage (Atlas and Thulbom, 2002; Atlas and Thulborn, 1998; Haque et al., 
2003).  
MRI is capable of distinguishing at least five distinct intracerebral 
hemorrhage stages (Atlas and Thulbom, 2002; Bradley, 1993).  (1) In the 
hyperacute phase, intracellular oxyhemoglobin is present (long T1, long T2). (2) 
Somewhat later, local tissue deoxygenation causes its conversion to 
deoxyhemoglobin (long T1, short T2). (3) The latter is then denatured over 
several days to intracellular methemoglobin as heme-iron is oxidized from its 
ferrous (Fe2+) to ferric (Fe3+) form (short T1, short T2). (4) This transition 
encourages the loss of heme from hemoglobin (extracellular-methemoglobin, 
short T1, long T2). After being released, heme molecules are bound 
extracellularly, transported into cells, and metabolized by heme-oxygenase (HO) 
(Atlas and Thulbom, 2002; Sung et al., 2000; Wagner et al., 2003). (5) After 
several days, hemosiderin, a stable pigment composed of ferritin micelles, is 
formed as a result of macrophage ingestion of hemoglobin (short T2) (Bradley, 
1993). In a double injection rodent model of intracerebral hemorrhage into the 
stiatum, others were able to describe with T2 the temporal time course of these 
 13 
stages, where stage 1 was present at 0–6 h; stages 2 and 3 at 24–72 h; and 
stage 5 at 7 days (Belayev et al., 2007).  
More recently, susceptibility weighted MR imaging (SWI) has shown 
promise to visualize and quantify tissue iron in the brain. Clinically, SWI has been 
used to diagnose neurotrauma (Tong et al., 2004), stroke (Hermier and 
Nighoghossian, 2004; Wycliffe et al., 2004), tumors (Haacke et al., 2002), and 
the development of intracerebral hemorrhage in stroke patients (Greer et al., 
2004). SWI images appear to have a larger area of susceptibility than that seen 
on T2-weighted images, due in part to the large phase differences between 
normal tissue and the injected blood in the intracerebral hemorrhage (Atlas and 
Thulbom, 2002; Haacke et al., 2005).  
 
Pathophysiology of Posterior Circulation 
Vascular Responses to Stroke 
Similar mechanisms are shared between ischemic and hemorrhagic 
strokes (Xi et al., 2006). In the brain, cerebrovascular autoregulation maintains 
optimal tissue perfusion by constricting or dilating the arterial system in response 
to wide variations of systemic pressure (MABP) and local levels of CO2 (Kety and 
Schmidt, 1948). Stroke leads to damaged cerebral autoregulation capacity and a 
greater dependence upon systemic arterial pressure (Dawson et al., 2003; 
Eames et al., 2002; Schwarz et al., 2002). This occurs after both carotid and 
vertebrobasilar-based ischemic strokes (Dawson et al., 2000; Dawson et al., 
2003). Impaired autoregulation has been recognized as an important mechanism 
 14 
of secondary brain injury and edema formation in patients after ischemic stroke 
(Dohmen et al., 2007) and intracerebral hemorrhage (Diedler et al., 2009). For 
this reason, MABP and respiration rate are closely controlled at intensive care 
units. 
The vertebrobasilar vessels have a greater capacity to mechanically 
vasodilate and vasoconstrict compared to the MCA, suggesting greater dynamic 
autoregulatory ability (Hida et al., 1996; Ito et al., 2000; Reinhard et al., 2008). 
This may enable the hindbrain to divert blood flow to the carotid system during 
cerebrovascular strain, since a drop in CNS perfusion leads to a proportionally 
greater diminished flow across the BA compared to the MCA (Garbin et al., 
1997).  Systemic CO2 and MABP changes superimposed upon permanent PCA 
occlusion in dogs showed graded autoregulatory decompensation caudally from 
the supratentorium to the brainstem, while the MCA autoregulation was 
preserved (Matsumoto et al., 2000). Experimental work in rats showed cerebral 
sparing when systemic hypotension led to progressive declines of cerebellar 
autoregulatory kinetics while MCA autoregulatory kinetics remain intact (Merzeau 
et al., 2000). Cerebellar autoregulatory impairment also occurred after bilateral 
carotid ligation in spontaneously hypertensive rats (Shiokawa et al., 1988).  In 
opposition, the addition of hypocapnia to systemic hypotension in cats, led to 
greater ischemic susceptibility in the MCA-region compared to the cerebellum 
(Sato et al., 1984).  Therefore cerebellar autoregulatory kinetics may handle CO2 
changes more favorably in the face of hypoperfusion, while a drop in MABP 
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without systemic CO2 changes would affect the cerebellum more severely 
(Merzeau et al., 2000). 
The cerebellum and brainstem have an abundance of white matter tracts. 
Magnetic resonance imaging (MRI) perfusion and diffusion studies in humans 
have determined white matter to have an infarction threshold of 
20ml/100g/minute, while gray matter can sustain flow down to infarctions starting 
at 12ml/100g/minute (Bristow et al., 2005). A greater density of white matter 
tracts in the hindbrain would imply greater vulnerability to ischemic injury.  The 
viability of brainstem cardiorespiratory centers during periods of severe systemic 
hypotension, global cerebral ischemia and cardiac arrest deserve further study. 
 
Neural Consequences from Stroke 
Ischemic interruption of cerebral blood flow leads to hypoxic and anoxic 
brain injury, increased neuronal excitability, and cell death (Fujiwara et al., 1987).  
Reperfusion following cerebrovascular ischemia augments this injury through 
free radial production and mitochondrial dysfunction (Back, 1998; Facchinetti et 
al., 1998).  Similar mechanisms are at play after hemorrhagic stroke also (Xi et 
al., 2006).  The cells comprising the CA1 hippocampal region are known for their 
vulnerability to ischemia, but these cells may be more resistant than several 
areas of the hindbrain (Donnelly et al., 1992; Hata et al., 1993).  
Electrophysiological studies after hypoxic injury have shown greater neuronal 
excitability in the hypoglossal (CNXII) and dorsal vagal motor (DVMN) cranial 
nuclei of the brainstem compared to hippocampal CA1 regions (Donnelly et al., 
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1992).  After anoxia, the hypoglossal nucleus has shown both greater initial 
injury, and also impaired recovery as compared to temporal lobe neurons 
(O'Reilly et al., 1995).  In-vitro simulation of ischemic reperfusion injury, using cell 
cultures of oxygen-glucose deprivation followed by re- oxygenation (OGD-R) 
showed greater free-radical injury (lipid peroxidation) and mitochondrial 
impairment in cerebellar cells compared to cerebral cortical cell culture 
(Scorziello et al., 2001).  
Comparing cerebellar to brainstem injury after vertebral arterial occlusion, 
in gerbils (experimental models are summarized in Table 2), showed that the 
greatest amount of cell death were near areas of coordination and balance 
(cerebellar interpositus and lateral vestibular nuclei), while the brainstem cardio-
respiratory areas remained relatively intact (Hata et al., 1993). Due to the 
scattered nature of brainstem nuclei, it is unlikely this finding simply represents 
re-distribution of blood flow, and deserves further study.   
 
Experimental Animal Models of Posterior Circulation 
Animal Studies 
Experimental models of posterior circulation stroke have revealed several 
mechanisms of injury as targets for future study (Table 2).  In progressive 
hypotension in rats, the autoregulatory kinetics remained intact at the cerebrum, 
while there was a progressive loss of autoregulatory efficacy in the cerebellum 
(Merzeau et al., 2000). However, a manipulation of both mean arterial blood 
pressure (MABP) and CO2 levels (in cats) and measuring blood flow (hydrogen 
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clearance method) in the cerebrum, cerebellum and spinal cord, found a greater 
susceptibility to pressure dependant ischemia in the cerebrum and spinal cord 
than the cerebellum, which was relatively resistant (Sato et al., 1984).   
De Bray et al (de Bray et al., 1994) used transcranial Doppler to compare 
blood flow in the supratentorial and infratentorial compartments under increasing 
intracranial pressure (in rabbits). The maximum amplitude of vasomotor activity 
occurred 30 seconds later in the basilar artery compared to the carotid siphon. 
This indicates a delayed effect of intracranial pressure on hindbrain 
microvascular tone. Matsumoto et al (Matsumoto et al., 2000) caused permanent 
occlusion of posterior cerebral artery perforators (canine model). They monitored 
cerebral blood flow (autoregulation) and carbon dioxide reactivity in response to 
induced hypotension or hypertension during the occlusion.  The cerebral cortex 
maintained autoregulation and carbon dioxide reactivity, while thalamic 
autoregulation was maintained during hypotension, but not hypertension. On the 
other hand, the midbrain had markedly impaired autoregulation and carbon 
dioxide reactivity. This suggests a differential vulnerability to permanent vascular 
occlusion, and the brainstem may decompensate compared to the forebrain 
areas, in spite of abundant posterior collateral circulation.  
Using a model of bilateral carotid ligation (in spontaneously hypertensive 
rats), impaired autoregulation was demonstrated in the cerebrum (Shiokawa et 
al., 1986). However, the addition of stepwise drop in blood pressure caused 
impairment of cerebellar autoregulation as well. This suggests a vulnerability to 
hypotension in a distant area from the original stroke location, an effect possibly 
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modulated by the alpha-adrenoceptor system (vasoconstrictive), secondary to 
cerebral hypertensive stimuli or other transtentorial signals (Shiokawa et al., 
1988). The chronic collateral vascular response may be age dependant, since 
bilateral carotid occlusion led to a greater dependence on basilar flow in adult 
rats, compared to extra-cerebral midline collaterals in the younger animals (Choy 
et al., 2006). 
Many animal studies of anterior circulation ischemic stroke have 
demonstrated impaired autoregulation after ischemic stroke. The extent of which 
would depend on occlusion duration and extent of reperfusion hyperemia (Cipolla 
et al., 1997; Drummond et al., 1989; Olah et al., 2000).  This physiological 
response would be expected to contribute to injury in the posterior brain region 
also, and needs further study. 
 
New Experimental Models of Hemorrhage 
Figure 2 demonstrates novel experimental models of infratentorial 
intracerebral hemorrhage using clostridial collagenase to induce a hematoma in 
the cerebellum or brainstem. These are the first experimental models to 
successfully mimic the clinical hemorrhage at the infratentorial region. In 
agreement with the clinical picture, these animals were highly ataxic, with motor-
sensory, cognitive, and cranial nerve deficits that recovered over time. Most 
animals survived past 30 days, so long as gustatory, cardiovascular and 
reticular-activating systems remained intact. Due to the small size of the 
hindbrain region, previous attempts using autologous blood injection could not 
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reproduce consistent hematomas, and consequently have received no further 
study (Chung and Haines, 1993; Cossu et al., 1994). These new models 
produced consistent bleeding inside the tissue borders of these small brain 
regions, with reproducible neurological and morphological features that can be 
intervened with neuroprotective treatments in future studies. 
 
Summary 
Concluding remarks 
The hindbrain has many critical neural tracts and nuclei involved in 
processing and transmitting information between the cerebral cortexes and 
spine.  Furthermore, injury to this area can be particularly devastating. This brain 
region may have less innate neurovascular protective mechanisms, and greater 
amount of cell death and injury in comparison to supratentorial strokes.  A very 
limited, yet significant amount of experimental study has been done for ischemic 
posterior circulation stroke, while hemorrhage into the infratentorium has 
received no study to date. In spite of shared mechanisms between ischemic and 
hemorrhagic strokes, there is an urgent need to study ICH in the hindbrain. 
Future studies can use these new models of ICH, and an array of other ischemic 
models, to test interventions for reversing the mechanisms of injury in this brain 
region.   
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CHAPTER TWO 
CHARACTERIZATION OF THE BRAIN INJURY, NEUROBEHAVIORAL 
PROFILES AND HISTOPATHOLOGY IN A RAT MODEL OF 
CEREBELLAR HEMORRHAGE 
 
Abstract 
Spontaneous cerebellar hemorrhage (SCH) represents approximately 10% of all 
intracerebral hemorrhage (ICH), and is an important clinical problem of which 
little is known.  This study stereotaxically infused collagenase (type VII) into the 
deep cerebellar paramedian white matter, which corresponds to the most 
common clinical injury region. Measures of hemostasis (brain water, hemoglobin 
assay, Evans blue, collagen-IV, ZO-1, and MMP-2 and MMP-9) and neurodeficit 
were quantified twenty-four hours later (Experiment 1). Long-term functional 
outcomes were measured over thirty days using the ataxia scale (modified 
Luciani), open field, wire suspension, beam balance and inclined plane 
(Experiment 2). Neurocognitive ability was assessed on the third week using the 
rotarod (motor learning), T-maze (working memory) and water-maze (spatial 
learning and memory) (Experiment 3), and this was followed by a 
histopathological analysis one week later (Experiment 4). Stereotaxic 
collagenase infusion caused dose-dependent elevations in brain edema, 
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neurodeficit, hematoma volume and blood-brain barrier rupture, while 
physiological variables remained stable. Most functional outcomes normalized by 
third week, while neurocognitive testing showed deficits parallel to the cystic-
cavitary lesion at thirty days. All animals survived until sacrifice, and obstructive 
hydrocephalus did not develop. These results suggest that the model can 
generate important translational information about this subtype of ICH, and this 
could be used for future investigations of therapeutic mechanisms after 
cerebellar hemorrhage. 
 
Introduction 
Spontaneous (non-traumatic) cerebellar hemorrhage (SCH) results from 
the rupture of blood vessels within the cerebellum.  SCH is a type of intracerebral 
hemorrhage (ICH) with an incidence of 1 in 33000 people every year, and 
accounts for 200,000 (10%) of around 2 million worldwide ICHs (Flaherty et al., 
2005; Qureshi et al., 2009). Uncontrolled hematomal expansion causes abrupt 
ataxic neurological deterioration in nearly half of initially alert hospitalized 
patients (Rosenberg and Kaufman, 1976; St Louis et al., 1998) leading to a 40% 
mortality rate despite contemporary imaging and surgical methods (Flaherty et 
al., 2006; Hill and Silver, 2001).  Almost 50% of these survivors will retain some 
cognitive deficits across motor-learning and visuospatial domains (Baillieux et al., 
2008; Dolderer et al., 2004; Kelly et al., 2001; Strick et al., 2009).  
The pathophysiological basis of SCH is poorly understood despite surgical 
approaches that presently diverge from all other forms of ICH (Jensen and St 
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Louis, 2005; Mendelow and Unterberg, 2007); and this underscores the need for 
translational research (NINDS, 2005).  Our preliminary report demonstrated the 
feasibility of collagenase-induced intracerebellar hemorrhage (Lekic et al., 2008).  
We had used a modification of an established (basal ganglia) ICH model 
(Rosenberg et al., 1990) that circumvented the hematomal dissections outside 
rodent cerebella which had complicated autologous blood injection approaches in 
this brain region previously (Cossu et al., 1991; Cossu et al., 1994). 
While each experimental approach possesses drawbacks, the strength of 
collagenase-induced ICH resides with therapeutic investigations of hemostasis, 
neurobehavior, and histopathology (Andaluz et al., 2002; Foerch et al., 2008; 
Hartman et al., 2009; MacLellan et al., 2008; Rosenberg et al., 1990; Thiex et al., 
2004). Therefore this study hypothesized that a rodent model of stereotaxic 
collagenase infusion could be used for translational purposes to extend the 
pathophysiological understanding of hematomal growth, brain edema, 
neurological deficit and brain atrophy after cerebellar hemorrhage (Baillieux et 
al., 2008; Dolderer et al., 2004; Kelly et al., 2001; Rosenberg and Kaufman, 
1976; St Louis et al., 1998; Strick et al., 2009). 
 
Materials and Methods 
The Animals and Operative Procedure 
96 adult male Sprague-Dawley rats (290–345g; Harlan, Indianapolis, IN) 
were used. All procedures were in compliance with the Guide for the Care and 
Use of Laboratory Animals and approved by the Animal Care and Use 
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Committee at Loma Linda University.  Aseptic technique was used for all 
surgeries. Rats were anesthetized with isoflurane (4% induction, 2% 
maintenance, 70% N2O and 30% O2) and secured prone onto a stereotaxic 
frame (Kopf Instruments, Tujunga, CA) before making an incision over the scalp. 
The following stereotactic coordinates were then measured from bregma, to 
locate the deep cerebellar (paramedian) white matter tract: 11.6 mm (caudal), 2.4 
mm (lateral), and 3.5 mm (deep).  A borehole (1 mm) was drilled, and then a 27-
gauge needle was inserted.  Collagenase type VII (0.2 U/µL, Sigma, St Louis, 
MO) was infused by microinfusion pump (rate=0.2 µL/min, Harvard Apparatus, 
Holliston, MA). The syringe remained in place for 10 minutes to prevent back-
leakage before being withdrawn. Then the borehole was sealed with bone wax, 
incision sutured closed, and animals allowed to recover. Control surgeries 
consisted of needle insertion alone.  A thermostat-controlled heating blanket 
maintained the core temperature (37.0±0.5°C) throughout the operation. The 
animals were given free access to food and water upon recovery from 
anesthesia.   
 
Experiment 1: Early Brain Injury at 24 Hours 
Brain Water Content 
Water content was measured using the wet-weight/ dry-weight method 
(Tang et al., 2004). Quickly after sacrifice the brains were removed and tissue 
weights were determined before and after drying for 24 hours in a 100°C oven, 
using an analytical microbalance (model AE 100; Mettler Instrument Co., 
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Columbus, OH) capable of measuring with 1.0µg precision. The data was 
calculated as the percentage of water content: (wet weight - dry weight)/wet 
weight × 100.  
 
Neuroscore 
The composite neuroscore is a value of sensorimotor function consisting 
of the combined averages from wire suspension, beam balance and inclined 
plane (Colombel et al., 2002; Fernandez et al., 1998). The ataxic neuroscore is a 
modification of the Luciani scale, a summation of scores (maximum=9) 
measuring: body tone, limb-extension, and dyscoordination (Baillieux et al., 
2008). Values are expressed as percent of sham; further details are provided 
(Experiment 2) below. 
 
Animal Perfusion and Tissue Extraction 
Animals were fatally anesthetized with isoflurane (≥%5) followed by 
cardiovascular perfusion with ice-cold PBS for the hemoglobin and Evans blue 
assays, and immunoblot analyses.  The cerebella were then dissected and snap-
frozen with liquid-nitrogen and stored in -80°C freezer, before spectrophotometric 
quantifications or protein extraction. 
 
Hemorrhagic Volume 
The spectrophotometric hemoglobin assay was performed as previously 
described (Tang et al., 2004), where extracted cerebellar tissue was placed in 
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glass test tubes with 3 mL of distilled water, then homogenized for 60 seconds 
(Tissue Miser Homogenizer; Fisher Scientific, Pittsburgh, PA). Ultrasonication for 
1 minute lysed erythrocyte membranes, then centrifuged for 30 min, and 
Drabkin's reagent was added (Sigma-Aldrich) into aliquots of supernatant which 
reacted for 15 min. Absorbance, using a spectrophotometer (540 nm; Genesis 
10uv; Thermo Fisher Scientific, Waltham, MA), was calculated into hemorrhagic 
volume on the basis of a standard curve (Choudhri et al., 1997). 
 
Physiological Variables and Vascular Permeability 
Under general anesthesia (operatively), the right femoral artery was 
catheterized for physiological variables, and re-assessed 24 hours later on the 
left side, followed by 2% intravenous Evans blue injection (5 mL/kg; 1 hr 
circulation). Extracted cerebellar tissue was weighed, homogenized in 1 mL PBS, 
then centrifuged for 30 minutes.  After which 0.6 mL of the supernatant was 
added with equal volumes of trichloroacetic acid, followed by overnight 
incubation and re-centrifugation. The final supernatant underwent 
spectrophotometric quantification (615 nm; Genesis 10uv; Thermo Fisher 
Scientific, Waltham, MA) of extravasated dye, as described (Saria and Lundberg, 
1983). 
 
Western Blotting 
As routinely done (Tang et al., 2004), the concentration of protein was 
determined using DC protein assay (Bio-Rad, Hercules, CA).  Samples were 
subjected to SDS-PAGE, then transferred to nitrocellulose membrane for 80 
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minutes at 70 V (Bio-Rad). Blotting membranes were incubated for 2 hours with 
5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 and then 
incubated overnight with the following primary antibodies: anti-collagen IV (1:500; 
Chemicon, Temecula, CA), anti-zonula occludens (ZO)-1 (1:500; Invitrogen 
Corporation, Carlsbad, CA), anti-matrix metalloproteinase (MMP)-2 and anti-
matrix metalloproteinase (MMP)-9 (1:1500; Millipore, Billerica, MA). Followed by 
incubation with secondary antibodies (1:2000; Santa Cruz Biotechnology) and 
processed with ECL plus kit (Amersham Bioscience, Arlington Heights, Ill). 
Images were analyzed semiquantitatively using Image J (4.0, Media Cybernetics, 
Silver Spring, MD). 
 
Experiment 2: Functional Outcome over Thirty Days 
Animals were assessed with a battery of tests. The modified Luciani scale 
(3=severe, 2=moderate, 1=mild, 0=none) was a summation of scores 
(maximum=9) given for (a) decreased body tone, (b) ipsilateral limb-extensions, 
and (c) dyscoordination (Baillieux et al., 2008).  For locomotion, the path length in 
open-topped plastic boxes (49cm-long, 35.5cm-wide, 44.5cm-tall) was digitally 
recorded for 30 minutes and analyzed by Noldus Ethovision tracking software 
(Hartman et al., 2009).  For sensorimotor function, the falling latency was 
recorded (60 second cut-off) when all four limbs animals were placed 
perpendicularly onto a stationary horizontal beam balance  (50cm-length, 5cm-
diameter) or as the forelimbs grasped onto the wire suspension (40cm-length, 
3mm-diameter) (Colombel et al., 2002). The inclined plane consisted of a box 
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(70cm-long, 20cm-wide, 10cm-tall) with an analog protractor and hinged base, 
elevated at 5 degree intervals until the animal slipped backwards (Fernandez et 
al., 1998). 
 
Experiment 3: Neurocognitive Assessment at Third Week 
Higher-order brain function was assessed using several different tests. For 
the rotarod task, a motor-learning paradigm was assessed by comparing pre-
operative performance with four daily blocks on the third week after injury at days 
21, 23, 25, and 27 (Hartman et al., 2009; Lekic et al., 2010).  The apparatus 
consisted of a horizontal rotating cylinder (7cm-diameter x 9.5cm-wide, 
acceleration= 2 rpm/ 5 sec) requiring continuous walking to avoid falling, which 
was recorded by photobeam-circuit (Columbus Instruments). The T-Maze 
assessed short-term (working) memory (Hughes, 2004). Rats were placed into 
the stem (40 cm ×10 cm) of a maze and allowed to explore until one arm (46 cm 
× 10 cm) was chosen. From the sequence of ten trials, of left and right arm 
choices, the rate of spontaneous alternation (0% = none and 100% = complete, 
alternations/ trial) was calculated (Fathali et al., 2010; Zhou et al., 2009). For the 
Morris water-maze task, spatial learning and memory was assessed over four 
daily blocks on days 22, 24, 26 and 28 (Hartman et al., 2009; Lekic et al., 2010).  
The apparatus consisted of a metal pool (110cm diameter), filled to within 15cm 
of the upper edge, with a platform (11cm diameter) for the animal to escape onto 
that changed location for each block (maximum=60sec /trial), and digitally 
analyzed by Noldus Ethovision tracking software. Cued trials measured place 
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learning with the escape platform visible above water. Spatial trials measured 
spatial learning with the platform submerged and probe trials measured spatial 
memory once the platform was removed.  
 
Experiment 4: Histopathological Analysis 
Thirty days after collagenase infusion, the animals were fatally 
anesthetized with isoflurane (≥%5) followed by cardiovascular perfusion with ice-
cold PBS and 10% paraformaldehyde. Brains were removed and postfixed in 
10% paraformaldehyde then 30% sucrose (weight/volume) for 3 days. For all 
neuropathological analyses 10µm thick coronal sections were cut every 500 μm 
caudally on a cryostat (Leica Microsystems LM3050S), then mounted on poly-L-
lysine-coated slides and stained. Morphometric analysis of cresyl violet slides 
involved computer-assisted (ImageJ 4.0, Media Cybernetics, Silver Spring, MD) 
hand delineation of the ventricles (lateral, third, cerebral aqueduct, and fourth), 
brainstem, cerebellum (ipsilateral and contralateral), cerebellar layers (white 
matter, molecular and granular) and lesioned area (cavity, cellular debris). 
Borderlines were based on criteria defined from stereologic studies using optical 
dissector principles (Andersen et al., 1992; Korbo et al., 1993; Oorschot, 1996).  
Brain volumes were calculated with established protocols: (Average [(Area of 
coronal section) - (lesion area)] × Interval × Number of sections) (Lekic et al., 
2010; MacLellan et al., 2008). Purkinje cells were blindly counted in the viable 
(non-lesioned) brain tissues in accordance with standard technique (Schmidt et 
al., 2007; Song et al., 2007).   
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Statistical Analysis 
Statistical significance was considered at P<0.05. Data was analyzed 
using analysis of variance (ANOVA), with repeated-measures (RM-ANOVA) for 
long-term neurobehavior.  Significant interactions were explored with 
conservative Scheffe post hoc test, T-test (unpaired) and Mann-Whitney rank 
sum test when appropriate.  
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Figure 3. Experimental Model of Cerebellar Hemorrhage: (A) Schematic showing 
stereotaxic needle placement into the right paramedian white matter (inset 
demonstrating sagittal view with dotted-line at craniocaudal level). (B) 
Photograph of coronal section showing the hematoma surrounded by vasogenic 
edema at 24 hours after collagenase (0.6 units) infusion (outlined with dotted 
lines, bar= 1 mm) and (C) a representative H&E-stained cryosection illustrating 
hematomal location (bar= 0.5 mm) with inset showing hematomal (*) border 
(bar= 20 µm). 
 
 
 
 
 
 
 32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Early Brain Injury at 24 Hours: (A) Brain Water, (B) Neuroscore, (C) 
Hematomal Volume, (D) Vascular Permeability, and (E) Immunoblots (left) with 
semi-quantification (right) for Collagen-IV, ZO-1, MMP-2 and MMP-9. The values 
are expressed as mean ±SEM, n= 10 (neuroscore) and n= 5 (all others), *P<0.05 
compared with controls (sham and needle trauma), †P<0.05 compared with 
collagenase infusion (0.2 units). 
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Figure 5. Functional Outcome over Thirty Days: (A) Luciani Ataxia Scale, (B) 
Locomotion, (C) Body Weight, (D) Wire Suspension, (E) Beam Balance, (F) 
Inclined Plane. The values are expressed as mean ±SEM, n=8 (per group), 
*P<0.05 is comparing collagenase infusion (0.6 units, closed triangles) with 
controls (sham and needle trauma, open circles). 
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Figure 6. Neurocognitive Assessment at Third Week: (A) Motor learning was 
assessed by the change in the latency to fall off an accelerating rotarod (2 rpm/ 5 
sec) pre-operatively and across four daily blocks. (B) Working memory was 
quantified by the number of spontaneous alternations in the T-Maze. (C) Spatial 
learning was assessed by the swim distance needed to find the visible (cued) 
versus the hidden (spatial) platforms in the water-maze. (D) Spatial memory was 
determined by the percent duration in the probe quadrant when the platform was 
removed. The values are expressed as mean ±SEM (rotarod, cued and spatial 
water-maze) and mean ±95th C.I. (probe quadrant), n=8 (per group), *P<0.05 
compared with controls (sham and needle trauma), †P<0.05 compared with pre-
operation (rotarod) or cued trials (spatial water-maze), and ‡ P<0.05 compared with 
Block 1 (rotarod and spatial water-maze) 
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Figure 7. Histopathological Analysis: (A) Lesion distribution (mm2) over the right 
cerebellar hemisphere.  (B) Representative cryosection illustrating the cystic-
cavitary lesion (scale bar= 1 mm). (C) Infratentorial brain tissue volume (mm3). (D) 
Volume of the ventricles (mm3). (E) Percent atrophy of white matter, molecular 
layer and granular layer, expressed as the volumetric difference between 
ipsilateral and contralateral folia. (F) Purkinje cell counts per millimeter (mm) over 
the intact (non-lesioned) areas of the cerebellum.  Values expressed as mean 
±SD, n=8 (per group), DCN indicates deep cerebellar nuclei, *P<0.05 compared 
with controls (sham and needle), †P<0.05 compared with contralateral side 
(tissue volume and purkinje cells). 
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Table 3.  Arterial Blood Gas analysis (pH, PO2, PCO2), Mean Arterial Blood 
Pressure (BP), Heart Rate (HR), and Blood Glucose (BG) during and after (30 Min 
and 24 Hr) Collagenase Infusion (C.I.) 
Group 
 
 
pH 
 
 
 
PO2 
 
(mm Hg) 
 
 
PCO2 
 
(mm Hg) 
 
 
BP 
 
(mm Hg) 
 
 
HR 
 
(per min) 
 
 
BG 
 
 (mg/dL) 
 
During C.I.   
Sham 7.33±0.03 184±35 45±3 82±6 338±40 209±62 
Needle 7.36±0.03 184±21 42±4 90±7 357±16 245±69 
C.I.—0.2 Units 7.33±0.10 187±17 43±7 93±7 366±42 212±42 
C.I.—0.6 Units 7.34±0.09 192±43 45±12 93±9 372±28 217±50 
   
30 Min after C.I.   
Sham 7.32±0.01 186±19 47±3 83±6 344±24 218±38 
Needle 7.34±0.01 185±12 43±1 87±8 350±18 191±49 
C.I.—0.2 Units 7.33±0.08 193±25 42±6 91±5 355±17 180±35 
C.I.—0.6 Units 7.31±0.11 199±41 46±9 91±10 365±25 223±51 
 
24 Hr after C.I.       
Sham 7.5±0.04 192±12 36±5 84±5 348±20 229±15 
Needle 7.51±0.05 180±16 37±7 85±8 359±33 192±12 
C.I.—0.2 Units 7.51±0.04 189±5 34±3 81±5 347±23 197±21 
C.I.—0.6 Units 7.53±0.04 188±55 34±7 83±4 365±33 206±54 
              
 
Values are mean ± SD.  No significant differences among groups. 
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Results 
Experimental Model of Cerebellar Hemorrhage 
Systemic physiological variables were stable during and after the surgical 
procedure (see Table). Within 30 minutes after awaking from anesthesia, the 
collagenase infused animals exhibited ataxic gaits, ipsilateral limb extensions 
and decreased body tone. Pathological examinations at 24 hours revealed right 
cerebellar hemispheric hematomas surrounded with vasogenic edema, without 
subarachnoid or subdural bleeding and without ventricular obstruction, in spite of 
substantial amounts of bleeding (Fig. 1B and 1C). All animals survived though 
the end of the study and obstructive hydrocephalus did not develop.  
 
Experiment 1: Early Brain Injury at 24 Hours 
Unilateral collagenase infusion led to dose-dependent elevations of brain 
water, sensorimotor (composite neuroscore) deficit, hematoma volume, and 
vascular permeability (P<0.05, Fig. 2A-D). Immunoblots show significant 
activation of MMP-2 and -9, and degradation of collagen-IV and ZO-1 (P<0.05, 
Fig. 2E). 
 
Experiment 2: Functional Outcome over Thirty Days 
Infusion of collagenase (0.6 units) led to significant ataxic (modified 
Luciani), locomotor (open field) and sensorimotor (wire suspension, beam 
balance, inclined plane) deficits over the first week after injury (P<0.05, Fig. 3A-
F).  Body weight remained stable (P>0.05) and most functional parameters 
 38 
recovered by three weeks after collagenase infusion, with the exception of 
inclined plane performance that showed only marginal change (P<0.05, Fig. 3F).  
 
Experiment 3: Neurocognitive Assessment at Third Week 
Collagenase infused (0.6 units) animals performed significantly worse than 
controls across all post-operative rotarod (motor) testing blocks (P<0.05, Fig. 4A) 
and were unable to improve upon their pre-operative performance (P>0.05), 
while, the controls improved their performance with each block (P<0.05). The T-
Maze showed significant working memory differences (P>0.05, Fig. 4B), while for 
the water-maze, all groups performed the cued trials (place learning) equally 
(P>0.05, Fig. 4C). On the spatial blocks, however, collagenase infused animals 
performed significantly worse than controls (P<0.05), and were unable to improve 
upon the cued trials (P>0.05). As expected, the controls performed better with 
subsequent blocks (P<0.05) and with the overall spatial probe (memory trials; 
Fig. 4D).  
 
Experiment 4: Histopathological Analysis 
The topographic distribution of the lesion extended with a Gaussian 
distribution surrounding the level of injection at the paramedian white matter 
(11.6 mm caudal from bregma, Fig. 5A). The ipsilateral (right) cerebellum had an 
atrophic loss of brain tissue volume (P<0.05) without affecting the brainstem or 
contralateral side (P>0.05 Fig. 5B and 5C). All ventricles remained patent and 
were unchanged in size (P>0.05, Fig. 5D). The cystic cavitary lesion diminished 
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the cerebellar layers almost uniformly (P>0.05, Fig. 5E): white matter (60% 
±10.6), molecular (53.1% ±9.8), and granular (67.8% ±14.2) without any 
significant atrophic differences between them.  Purkinje cell density was 
decreased bilaterally, with the greatest diminishment on the ipsilateral (peri-
lesion) side (P<0.05, Fig. 5F). 
 
Discussion 
An important translational research priority is the characterization of 
appropriate intracerebral hemorrhage (ICH) models (NINDS, 2005).  Autologous 
blood or collagenase injection into the basal ganglia region of rodents represent 
the most common experimental approach for studying this condition (Andaluz et 
al., 2002; MacLellan et al., 2008; Xi et al., 2006).  However, basal ganglia 
hemorrhage is a deep cerebral bleeding subtype, that as a group (basal ganglia, 
thalamus, and internal capsule), comprise no more than half of all cases 
(Flaherty et al., 2005), and animal models that represent the spectrum of ICH are 
highly needed (Gong et al., 2004; Song et al., 2007). Therefore this current study 
aimed to further establish a reproducible model of spontaneous cerebellar 
hemorrhage using stereotaxically injected collagenase (Lekic et al., 2008). This 
experimental paradigm could test therapeutic strategies for preventing the 
acutely devastating neurological deteriorations seen in patients (Jensen and St 
Louis, 2005; St Louis et al., 1998), and the application of cytoprotective 
interventions could further improve upon the lesion size and long-term 
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neurological deficit of the survivors (Dolderer et al., 2004; Kelly et al., 2001; 
Okauchi et al., 2009; Strick et al., 2009; Thach, 1996).   
Clinically, uncontrolled hematomal expansion (vasogenic edema and re-
bleeding) will necessitate surgery in nearly half of the hospitalized cerebellar 
hemorrhage patients (Rosenberg and Kaufman, 1976; St Louis et al., 1998); and 
this infratentorial location is an independent predictor of poor prognostic outcome 
(Hemphill et al., 2001).  The (Class I) recommendation for a surgical approach 
after cerebellar hemorrhage differs from ICH in all other brain regions (Broderick 
et al., 2007) and highlights the unique pathophysiological aspects of this 
cerebellar disease (Mendelow et al., 2005).  In-vitro studies further reveal 
divergence of injury mechanisms when comparing cerebellar with cortical 
neuronal cultures (Scorziello et al., 2001).  In agreement, the wide-spread use of 
anticoagulants has been shown to disproportionately increase the rate of 
hemorrhage into the cerebellum compared with other brain regions (Flaherty et 
al., 2006). Our cerebellar hemorrhage model is therefore especially important, 
since collagenase infusion effectively evaluates hemostatic mechanisms with 
warfarin and tPA anticoagulation (Foerch et al., 2008; Thiex et al., 2004). Future 
experimental studies targeting hemostasis after cerebellar collagenase infusion 
in rats could translate into treatment strategies that improve the clinical course in 
conjunction with surgery (Broderick et al., 2007). 
For intracerebral hemorrhage, the control of hemostasis is related both to 
the therapeutic approaches (Steiner and Bosel, 2010) and the propensity for 
injury through anticoagulant-use (Prabhakaran et al., 2010).  The hemostatic 
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findings in this study were found to stand in agreement with experimental basal 
ganglia ICH in rats with regards to collagenase-induced brain edema, hematoma 
volume, blood-brain barrier rupture, and MMP-(2 and 9) activations (Power et al., 
2003; Rosenberg and Navratil, 1997; Wang and Tsirka, 2005). On the other 
hand, this experimental model diverged from basal ganglia ICH, in failing to 
produce significant 24 hour sensorimotor and ataxia deficits with the typical 
collagenase dose of 0.2 units (MacLellan et al., 2008).  This was circumvented 
for the long-term studies by choosing 0.6 units of collagenase to achieve a 
greater initial injury.  This dose approximates that which was shown to avoid 
neurotoxicity in rodents (Matsushita et al., 2000), although cell death appears to 
be a less significant factor after cerebellar hemorrhage as compared to most 
other brain regions (Qureshi et al., 2003). 
Collagenase infusion (0.6 units) yielded long-term neurobehavioral 
patterns that were very analogous with clinical reports after cerebellar 
hemorrhage in humans.  Our study demonstrated that most neurological 
impairments resolved over the first three weeks of assessments, while motor-
learning (rotarod) and cognitive ability (water-maze) remained impaired at one 
month after injury. In agreement, almost one-half of survivors from cerebellar 
hemorrhage will retain long-term deficits across motor-learning and visuospatial 
neurocognitive domains, even after full rehabilitation from ataxic losses of 
coordination, muscle tone, and overall strength (Baillieux et al., 2008; Dolderer et 
al., 2004; Kelly et al., 2001; Strick et al., 2009). On the other hand, our finding of 
marginal hind-limb recovery (inclined plane) was divergent from these clinical 
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manifestations.  This is possibly a rodent-specific feature, due to the central 
placement of our cerebellar lesion that anatomically occupies the hind-limb 
control region; while the forelimb neurons are located more peripherally in the 
rodent cerebellum (Peeters et al., 1999).  Future studies should apply therapeutic 
strategies, while extending the later neurobehavioral time-points, to better 
determine the reversibility of hind-limb function, cognitive ability and for 
translational application (Hua et al., 2006). 
Neurobehavioral outcomes need to be correlated to a histopathological 
lesion, as a morphological measure of brain injury (Felberg et al., 2002; Hua et 
al., 2002).  The cerebellum is organized into a geometric lattice with one-tenth 
the cerebral cortical volume, but four times the neuronal amount (Andersen et al., 
1992).  Thirty days after collagenase infusion, we found a well circumscribed 
cystic-cavitary lesion within the right cerebellum.  The atrophy was focal and did 
not affect the contralateral side, similar to basal ganglia hemorrhage using rats 
(MacLellan et al., 2008). There also wasn’t any difference between percent 
atrophy of the individual cerebellar layers; however, the early contralateral 
spreading of edema was followed by a bilateral loss in Purkinje cell density one 
month later. Since purkinje cells are the primary output of the cerebellum 
(Baillieux et al., 2008), this could be an additional contributor to the cognitive 
deficits in addition to the atrophic lesion alone.  Taken together, these neuronal 
tissue losses represent a huge opportunity for neuroprotection strategies. 
Cerebellar stroke is a human disease where clinical symptoms can be 
mapped to an acute lesion in a previously healthy cerebellum.  In the past, these 
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clinical cases have allowed investigators to better understand the functional and 
morphological aspects of cerebellar recovery (Timmann et al., 2009). To date, 
rats undergoing hemicerebellectomy (HCb) had been the experimental correlates 
to this clinical cerebellar injury paradigm (Leggio et al., 2000). As an extension, 
our results indicate that collagenase infusion produces a lasting focal lesion and 
neurobehavioral profiles similar to cerebellar stroke patients.  This approach 
overcomes several complications associated with rodent HCb, such as animal 
mortality and profound weight loss (Colombel et al., 2002). Therefore, future 
applications of collagenase infusion can have broad translational implications for 
cerebellar study.  
 
Conclusion 
We have characterized the early brain injury, neurobehavioral profiles, and 
histopathology in a highly reliable and easily reproducible experimental model of 
cerebellar hemorrhage in rats. Therapeutic strategies that mitigate the mass 
effect (brain edema and hematomal growth) and promote lasting neuroprotection 
(neurobehavioral and atrophic recovery) could lead to clinical approaches that 
afford these patients better outcomes in the future (Qureshi et al., 2009; Xi et al., 
2006).  These findings therefore provide a basis for characterizing the 
pathophysiological features of this disease, and establish a foundation for 
performing further preclinical therapeutic investigation.  
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CHAPTER THREE 
THE POSTPARTUM PERIOD OF PREGNANCY WORSENS BRAIN 
INJURY AND FUNCTIONAL OUTCOME AFTER CEREBELLAR 
HEMORRHAGE IN RATS 
 
Abstract 
Background: Intracerebral hemorrhage (ICH) is one of the most common causes 
of maternal deaths related to the postpartum period. This is a devastating form of 
stroke for which there is no available treatment. Although pre-menopausal 
females tend to have better outcomes after most forms of brain injury, the effects 
of pregnancy and child birth lead to wide maternal physiological changes that 
may predispose the mother to an increased risk for stroke and greater initial 
injury. Methods: Three different doses of collagenase were used to generate 
models of mild, moderate and severe cerebellar hemorrhage in postpartum 
female and male control rats. Brain water, blood-brain barrier rupture, hematoma 
size and neurological evaluations were performed 24 hours later.  Results: 
Postpartum female rats had worsened brain water, blood-brain barrier rupture, 
hematoma size and neurological evaluations compared to their male 
counterparts. Conclusion: The postpartum state reverses the cytoprotective 
effects commonly associated with the hormonal neuroprotection of (pre-
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menopausal) female gender, and leads to greater initial injury and worsened 
neurological function after cerebellar hemorrhage. This experimental model can 
be used for the study of future treatment strategies after postpartum brain 
hemorrhage, to gain a better understanding of the mechanistic basis for stroke in 
this important patient sub-population. 
 
Introduction 
Intracerebral hemorrhage (ICH) is a devastating complication of 
pregnancy that accounts for 1 out of 14 deaths within this sub-population in the 
United States (Bateman et al., 2006).  ICH is the least treatable form of stroke 
(Ciccone et al., 2008) and has an approximate 20% mortality rate when related to 
pregnancy (Bateman et al., 2006). Survivors retain significant brain injury and 
life-long neurological deficits (Broderick et al., 1999; Skriver and Olsen, 1986), 
with most rehabilitating patients remaining unable to be “independent” six months 
later (Gebel and Broderick, 2000). Matched for age and gender, the relative risk 
for ICH is increased 30-fold during the postpartum period (Kittner et al., 1996). 
Almost half the cases of postpartum ICH occur in patients with eclampsia 
(Sharshar et al., 1995), and this is associated with hemostatic elevations of 
aquaporin-4 (AQP4) expression, brain edema, and blood-brain barrier (BBB) 
disruption (Quick and Cipolla, 2005).  The cerebellum contains some of the 
highest levels of AQP4 (Verkman, 2002), and is one of the brain locations with 
the greatest AQP4 increases during the postpartum period (Wiegman et al., 
2008). Therefore this brain region could be a good model to study maternal 
mechanisms of ICH occurring during postpartum. 
 47 
Clostridial collagenase is a stereotaxically infused enzyme that mimics 
spontaneous (ICH) vascular rupture, permiting investigations targeting 
hemostasis and neurobehavioral outcome (Andaluz et al., 2002; Foerch et al., 
2008; Hartman et al., 2009; Lekic et al., 2010; MacLellan et al., 2008; Rosenberg 
et al., 1990; Thiex et al., 2004). We therefore hypothesized that unilateral 
cerebellar collagenase infusion in postpartum rats could model important clinical 
features (Baillieux et al., 2008; Dolderer et al., 2004; Kelly et al., 2001; 
Rosenberg and Kaufman, 1976; St Louis et al., 1998; Strick et al., 2009; Thach, 
1996).  This experimental approach may increase the pathophysiological 
understanding of this disease to direct future applications of therapeutic 
interventions (NINDS, 2005). 
 
Materials and Methods 
The Animals and General Procedures 
109 adult Sprague-Dawley rats (290–345g; Harlan, Indianapolis, IN) were 
used. All procedures were in compliance with the Guide for the Care and Use of 
Laboratory Animals and approved by the Animal Care and Use Committee at 
Loma Linda University.  Surgeries used isoflurane anesthesia with aseptic 
techniques and animals were given food and water during recovery (Hartman et 
al., 2009; Lekic et al., 2010).   
 
Model of Cerebellar Hemorrhage 
Anesthetized animals were secured prone onto a stereotaxic frame (Kopf 
Instruments, Tujunga, CA) before making an incision over the scalp. The 
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following stereotactic coordinates were measured from bregma: 11.6 mm 
(caudal), 2.4 mm (lateral), and 3.5 mm (deep).  A (1 mm) borehole was drilled, 
and then a 27-gauge needle was inserted.  Collagenase VII-S (0.2 U/µL, Sigma, 
St Louis, MO) was infused by microinfusion pump (rate=0.2 µL/min, Harvard 
Apparatus, Holliston, MA). The syringe remained in place for 10 minutes to 
prevent back-leakage before being withdrawn. Then the borehole was sealed 
with bone wax, incision sutured closed, and animals allowed to recover. Control 
surgeries consisted of needle insertion alone.  A thermostat-controlled heating 
blanket maintained the core temperature (37.0±0.5°C) throughout the operation. 
 
Cerebellar Water 
Water content was measured using the wet-weight/ dry-weight method 
(Tang et al., 2004). Quickly after sacrifice the brains were removed and tissue 
weights were determined before and after drying for 24 hours in a 100°C oven, 
using an analytical microbalance (model AE 100; Mettler Instrument Co., 
Columbus, OH) capable of measuring with 1.0µg precision. The data was 
calculated as the percentage of water content: (wet weight - dry weight)/wet 
weight × 100.  
 
Neurological Score 
This was assessed using a modified Luciani scale (Baillieux et al., 2008)  
which is  a summation of scores (maximum=9) given for (a) decreased body 
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tone, (b) ipsilateral limb-extensions, and (c) dyscoordination (0=severe, 
1=moderate, 2=mild, 3=none).  Scores are represented as percent of sham. 
 
Animal Perfusion and Tissue Extraction 
Animals were fatally anesthetized with isoflurane (≥%5) followed by 
cardiovascular perfusion with ice-cold PBS for the hemoglobin and Evans blue 
assays, and immunoblot analyses.  The cerebella were then dissected and snap-
frozen with liquid-nitrogen and stored in -80°C freezer, before spectrophotometric 
quantifications or protein extraction. 
 
Hematoma Volume 
The spectrophotometric hemoglobin assay was performed as previously 
described (Tang et al., 2004), where extracted cerebellar tissue was placed in 
glass test tubes with 3 mL of distilled water, then homogenized for 60 seconds 
(Tissue Miser Homogenizer; Fisher Scientific, Pittsburgh, PA). Ultrasonication for 
1 minute lysed erythrocyte membranes (then centrifuged for 30 min) and 
Drabkin's reagent was added (Sigma-Aldrich) into aliquots of supernatant which 
reacted for 15 min. Absorbance, using a spectrophotometer (540 nm; Genesis 
10uv; Thermo Fisher Scientific, Waltham, MA), was calculated into hemorrhagic 
volume on the basis of a standard curve (Choudhri et al., 1997). 
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Vascular Permeability 
Under general anesthesia, the left femoral vein was catheterized for 2% 
intravenous Evans blue injection (5 mL/kg; 1 hr circulation). Extracted cerebellar 
tissue was weighed, homogenized in 1 mL PBS, then centrifuged for 30 minutes.  
After which 0.6 mL of the supernatant was added with equal volumes of 
trichloroacetic acid, followed by overnight incubation and re-centrifugation. The 
final supernatant underwent spectrophotometric quantification (615 nm; Genesis 
10uv; Thermo Fisher Scientific, Waltham, MA) of extravasated dye, as described 
(Saria and Lundberg, 1983).   
 
Western Blotting 
As routinely done (Tang et al., 2004), the concentration of protein was 
determined using DC protein assay (Bio-Rad, Hercules, CA).  Samples were 
subjected to SDS-PAGE, then transferred to nitrocellulose membrane for 80 
minutes at 70 V (Bio-Rad). Blotting membranes were incubated for 2 hours with 
5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 and then 
incubated overnight with the following primary antibodies: anti- AQP4 (1:200; 
Santa Cruz Biotechnology, Santa Cruz, CA), anti-collagen IV (1:500; Chemicon, 
Temecula, CA), anti-zonula occludens (ZO)-1 (1:500; Invitrogen Corporation, 
Carlsbad, CA). Followed by incubation with secondary antibodies (1:2000; Santa 
Cruz Biotechnology) and processed with ECL plus kit (Amersham Bioscience, 
Arlington Heights, Ill). Images were analyzed semiquantitatively using Image J 
(4.0, Media Cybernetics, Silver Spring, MD). 
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Statistical Analysis 
Statistical significance was considered at P<0.05. Data was analyzed 
using analysis of variance (ANOVA). Significant interactions were explored with 
T-test (unpaired) and Mann-Whitney rank sum test when appropriate.  
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Figure 8. Postpartum Worsens Outcomes at 24 h after Collagenase Infusion.  
(A) Cerebellar Water, (B) Neurological Score, and (C) Survival Analysis, groups 
consisted of male (control) and female (postpartum), receiving doses of 0, 0.2, 0.4 
and 0.6 units collagenase. The values are expressed as mean ±SEM, n= 5 (per 
group), *P<0.05 compared with male (control) 
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Figure 9. Postpartum Increases Vascular Rupture at 24 h after Collagenase 
Infusion. (A) Hematoma Volume, and (B) Vascular Permeability, the values are 
expressed as mean ±SD, groups consisted of male (control) and female 
(postpartum), receiving doses of 0 and 0.6 units collagenase, n= 5 (per group), 
*P<0.05 compared with respective shams, and †P<0.05 compared with male (0.6 
units, control) 
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Figure 10. Postpartum Rats Have Increased Vascular Vulnerability. (A and B) 
Semi-quantification of immunoblots for AQP4, collagen-IV (COL-4), and ZO-1, 
groups consisted of male (control) and female (postpartum), receiving doses of 0 
and 0.6 units collagenase. The values are expressed as mean ±SEM, n= 5 (per 
group), *P<0.05 compared with male (control) 
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Results 
Collagenase infusion led to dose-dependent elevations of cerebellar water 
and neurodeficit (Figures 8A and 8B).  Compared to male controls, cerebellar 
water was significantly elevated in postpartum females at 0.2 and 0.4 units 
collagenase, and neurodeficit across all doses (P<0.05). Kaplan-Meier survival 
analysis demonstrated a significantly increased mortality rate (Figure 8C, 
P<0.05) in postpartum females (approx. 30%) compared to male controls (0%). 
Collagenase infusion (0.6 U) led to a greater hematoma size (Figure 9A) and 
vascular permeability (Figure 9B) in postpartum females, compared to male 
controls (P<0.05). Immunoblots of shams (Figure 10A) are showing greater 
AQP4, and diminished COL-4 (collagen-IV) and ZO-1, expressions in postpartum 
females compared to male controls (P<0.05), while collagenase infusion (0.6 U) 
injury was equivalent, and did not cause any additional changes compared to 
respective shams (Figure 10B, P<0.05). 
 
Discussion 
Intracerebral hemorrhage (ICH) is the least treatable form of stroke 
clinically, and is a devastating complication after pregnancy accompanied by life-
long neurodeficits (Bateman et al., 2006; Broderick et al., 1999; Ciccone et al., 
2008; Gebel and Broderick, 2000; Kittner et al., 1996; Skriver and Olsen, 1986).  
This study infused collagenase into the unilateral (right) side of the cerebellar 
hemisphere of postpartum rats, as an approach to model these features, since 
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available animal models to study the pathophysiological basis of these outcomes 
is lacking. 
Our results are in support of the clinical evidence for cerebral vascular 
vulnerability in the postpartum period. Around half the cases of ICH in this patient 
population will have the eclampsia (Sharshar et al., 1995), and this is related to 
hemostatically relevant increases of aquaporin-4 (AQP4) expression, blood-brain 
barrier (BBB) disruption, and brain edema (Quick and Cipolla, 2005). In 
agreement, we found greater AQP4, and diminished COL-4 (collagen-IV) and 
ZO-1, expressions in the cerebella of postpartum female shams compared to the 
male controls. The collagenase model is an ideal method for study, since it did 
not alter these levels any further, however, the increased vascular vulnerability in 
postpartum animals, led to greater brain edema, neurodeficit, BBB-rupture and 
hematoma size across most doses studied.  The lack of significant difference in 
cerebellar water at the highest collagenase dose (0.6 U) is likely either a 
reflection of mortality (i.e. severely injured animals died), or due to the high 
baseline AQP4 expressions leading to an edematous outflow.  
In summary, we have characterized a highly reliable and easily 
reproducible experimental model of intracerebral hemorrhage using postpartum 
rats. Since the cerebellum contains some of the highest levels of AQP4 
(Verkman, 2002) with the greatest AQP4 increase during the postpartum period 
(Wiegman et al., 2008), this ICH model provides a basis for studying the clinical 
and pathophysiological features of this disease, while establishing a foundation 
for performing further preclinical therapeutic investigations. 
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CHAPTER FOUR 
EVALUATION OF HEMOSTASIS, NEUROCOGNITION, AND 
NEUROPATHOLOGICAL CONSEQUENCES USING A MODEL OF PONTINE 
HEMORRHAGE IN RATS 
 
Abstract 
Background and Purpose: Pontine hemorrhage (PH) is the most devastating type 
of stroke and yet there is no available treatment. The goal of this present study 
was to develop an instructive model to gain a better pathophysiological 
understanding, while further testing of therapeutic strategies. Methods: 
Intraparenchymal bleeding at the brainstem was achieved by stereotaxic infusion 
of collagenase type VII.  Measures of hemostasis (brain water, hemoglobin 
assay, Evans blue, collagen-IV, ZO-1, and MMP-2 and MMP-9) and 
sensorimotor function were quantified twenty-four hours later. Thirty day 
functional outcome was evaluated by modified Garcia scale, open field, wire 
suspension, beam balance and inclined plane.  Neurocognitive ability was 
assessed by the rotarod and water-maze on the third week. This was followed by 
a histopathological analysis one week later. Results: Collagenase infusion led to 
dose-dependent increases in brain edema, neurodeficit, hematoma volume and 
blood-brain barrier rupture, while physiological variables remained stable. 
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Functional outcome was nearly recovered at three weeks. Neurocognitive testing 
showed motor and spatial learning deficits, as related to the cystic-cavitary lesion 
at thirty days. Conclusions: This study characterized several hemostatic, 
neurocognitive, and neuropathological features to model the clinical 
consequence of pontine hemorrhage in humans. Testing of therapeutic strategies 
could improve upon these parameters, while expanding the clinical knowledge 
about this disease. 
 
Introduction 
Non-traumatic (spontaneous) pontine hemorrhage results from the rupture 
of blood vessels within the brainstem.  There is an annual incidence of 1 per 50 
000 population (Flaherty et al., 2005),  and will account for 140 000 (7%) 
(Flaherty et al., 2005) of about 2 million worldwide intracerebral hemorrhages 
(ICHs) each year (Qureshi et al., 2009).  Pontine hemorrhage can also 
complicate traumatic brain-injury (TBI) (Zuccarello et al., 1983) and up to 20% of 
malignant middle cerebral artery (MCA) infarctions (Jaramillo et al., 2006).  It is 
the most devastating type of ICH, with the worst prognosis, having an 
approximate 65% mortality rate (Flaherty et al., 2006; Zia et al., 2009). 
Pontine hemorrhage (PH) is a poorly understood disease without an 
instructive model for experimental purposes (Lekic and Zhang, 2008). 
Hematomal growth is highly associated with worsened patient outcomes (Balci et 
al., 2005; Broderick et al., 1993; Dziewas et al., 2003; Goto et al., 1980; Wijdicks 
and St Louis, 1997).  Up to half the survivors will have disabling sensorimotor 
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and cognitive neurological deficits (Maeshima et al., 2010; Masiyama et al., 
1985; Nys et al., 2007), with less disability after small unilateral pontine 
hematomas (Burns et al., 1980; Chung and Park, 1992; Kushner and Bressman, 
1985; Payne et al., 1978).  An upmost research priority is the development and 
validation of appropriate ICH animal models for translating human conditions 
(NINDS, 2005).  Prolonged infusions into the rat pontine tegmentum (nucleus 
oralis) are tolerated without neurological injury (Occhiogrosso et al., 2003), and 
stereotaxic collagenase infusion is one the most commonly used methods in 
experimental ICH studies (MacLellan et al., 2008; Rosenberg et al., 1990). This 
enzyme lyses the extracellular-matrix around blood vessels to mimic 
spontaneous vascular rupture as an approach enabling investigations of 
cerebrovascular hemostasis, neurological outcomes and neuropathology 
(Andaluz et al., 2002; Foerch et al., 2008; Hartman et al., 2009; Lekic et al., 
2010; MacLellan et al., 2008; Rosenberg et al., 1990; Thiex et al., 2004).  
In this study, we hypothesized that unilateral pontine collagenase infusion 
in rats, would model features similar to pontine hemorrhage in humans (Balci et 
al., 2005; Broderick et al., 1993; Burns et al., 1980; Chung and Park, 1992; 
Dziewas et al., 2003; Goto et al., 1980; Kushner and Bressman, 1985; Maeshima 
et al., 2010; Masiyama et al., 1985; Nys et al., 2007; Payne et al., 1978; Wijdicks 
and St Louis, 1997). Using this model, the application of therapeutic strategies 
can be tested to improve outcome parameters and the pathophysiological 
understanding of this disease (NINDS, 2005). 
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Materials and Methods 
The Animals and General Procedures 
Adult male Sprague-Dawley rats (290–345g; Harlan, Indianapolis, IN) 
were used for this study. All procedures were in compliance with the Guide for 
the Care and Use of Laboratory Animals and approved by the Animal Care and 
Use Committee at Loma Linda University.  Surgeries used isoflurane anesthesia 
(4% induction, 2% maintenance, 70% N2O and 30% O2) with aseptic technique 
and animals were given food and water during recovery (Hartman et al., 2009; 
Lekic et al., 2010).   
 
Experimental Model of Pontine Hemorrhage 
Anesthetized animals were secured prone onto a stereotaxic frame (Kopf 
Instruments, Tujunga, CA) before making an incision over the scalp. The 
following stereotactic coordinates were measured from bregma: 8.5 mm (caudal), 
1.4 mm (lateral), and 7 mm (deep).  A (1 mm) borehole was drilled, and then a 
27-gauge needle was inserted.  Collagenase VII-S (0.2 U/µL, Sigma, St Louis, 
MO) was infused by microinfusion pump (rate= 0.2 µL/min, Harvard Apparatus, 
Holliston, MA). The syringe remained in place for 10 minutes to prevent back-
leakage before being withdrawn. Then the borehole was sealed with bone wax, 
incision sutured closed, and animals allowed to recover. Control surgeries 
consisted of needle insertion alone.  A thermostat-controlled heating blanket 
maintained the core temperature (37.0±0.5°C) throughout the operation. 
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Brain Water Content 
Water content was measured using the wet-weight/ dry-weight method 
(Tang et al., 2004). Quickly after sacrifice the brains were removed and tissue 
weights were determined before and after drying for 24 hours in a 100°C oven, 
using an analytical microbalance (model AE 100; Mettler Instrument Co., 
Columbus, OH) capable of measuring with 1.0µg precision. The data was 
calculated as the percentage of water content: (wet weight - dry weight)/wet 
weight × 100.  
 
Composite (sensorimotor) Neuroscore 
This is a value of sensorimotor function consisting of combined averages 
from wire suspension, beam balance and inclined plane (expressed as percent of 
sham), and further details are provided (below) (Colombel et al., 2002; 
Fernandez et al., 1998).    
 
Animal Perfusion and Tissue Extraction 
Animals were fatally anesthetized with isoflurane (≥%5) followed by 
cardiovascular perfusion with ice-cold PBS for the hemoglobin and Evans blue 
assays, and immunoblot analyses.  The brainstems were then dissected and 
snap-frozen with liquid-nitrogen and stored in -80°C freezer, before 
spectrophotometric quantifications or protein extraction. 
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Hemorrhagic Volume 
The spectrophotometric hemoglobin assay was performed as previously 
described (Tang et al., 2004), where extracted brainstem  tissue was placed in 
glass test tubes with distilled water (total volume 3 mL) then homogenized for 
60 seconds (Tissue Miser Homogenizer; Fisher Scientific, Pittsburgh, PA), 
ultrasound on ice for 1 minute to lyse erythrocyte membranes, centrifugation for 
30 min at 4°C and then added Drabkin's reagent (400 µL; Sigma-Aldrich) into 
100 µL aliquots of the supernatant that were allowed to react for 15 min. 
Absorbance was read using a spectrophotometer (540 nm; Genesis 10uv; 
Thermo Fisher Scientific, Waltham, MA) and the hemorrhagic volume for each 
brainstem was calculated on the basis of a standard curve (Choudhri et al., 
1997). 
 
Physiological Variables and Vascular Permeability 
Under general anesthesia (operatively), the right femoral artery was 
catheterized for physiological variables, and re-assessed 24 hours later on the 
left side, followed by 2% intravenous Evans blue injection (5 mL/kg; 1 hr 
circulation).  As done routinely (Shimamura et al., 2006), the extracted brainstem 
tissue was weighed, homogenized in 1 mL of phosphate-buffered saline, and 
then centrifuged for 30 minutes to which 0.6 mL of the supernatant was added to 
an equal volume of trichloroacetic acid, followed by overnight incubation at 4°C 
and re-centrifugation. The final supernatant underwent spectrophotometric 
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quantification (615 nm; Genesis 10uv; Thermo Fisher Scientific, Waltham, MA) of 
extravasated dye (Saria and Lundberg, 1983). 
 
Western Blotting 
As routinely done (Tang et al., 2004), the concentration of protein was 
determined using DC protein assay (Bio-Rad, Hercules, CA).  Samples were 
subjected to SDS-PAGE, then transferred to nitrocellulose membrane for 80 
minutes at 70 V (Bio-Rad). Blotting membranes were incubated for 2 hours with 
5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 and then 
incubated overnight with the following primary antibodies: anti-collagen IV (1:500; 
Chemicon, Temecula, CA), anti-zonula occludens (ZO)-1 (1:500; Invitrogen 
Corporation, Carlsbad, CA), anti-matrix metalloproteinase (MMP)-2 and anti-
matrix metalloproteinase (MMP)-9 (1:1500; Millipore, Billerica, MA). Followed by 
incubation with secondary antibodies (1:2000; Santa Cruz Biotechnology) and 
processed with ECL plus kit (Amersham Bioscience, Arlington Heights, Ill). 
Images were analyzed semiquantitatively using Image J (4.0, Media Cybernetics, 
Silver Spring, MD). 
 
Functional Outcome over 30 Days 
Animals were assessed with a battery of tests. The modified Garcia scale 
was a summation of scores (maximum= 40) for neurological assessment, as 
routinely done (Hartman et al., 2009).  For locomotion, the path length in open-
topped plastic boxes (49cm-long, 35.5cm-wide, 44.5cm-tall) was digitally 
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recorded for 30 minutes and analyzed by Noldus Ethovision tracking software 
(Hartman et al., 2009).  The falling latency was recorded (60 second cut-off) 
when all four limbs animals were placed perpendicularly onto a stationary 
horizontal beam balance  (50cm-length, 5cm-diameter) and as the forelimbs 
grasped onto the wire suspension (40cm-length, 3mm-diameter) (Colombel et al., 
2002). The inclined plane consisted of a box (70cm-long, 20cm-wide, 10cm-tall) 
with an analog protractor and hinged base, elevated at 5 degree intervals until 
the animal slipped backwards (Fernandez et al., 1998), and body weights were 
measured as described (Hartman et al., 2009). 
 
Motor and Spatial Learning Assessment at 3 Weeks 
For the rotarod task, motor-learning was assessed pre-operatively and on 
four daily blocks at the third week after injury (days 21, 23, 25, and 27) (Hartman 
et al., 2009; Lekic et al., 2010). The apparatus consisted of a horizontal rotating 
cylinder (7cm-diameter x 9.5cm-wide, acceleration= 2 rpm/ 5 sec) requiring 
continuous walking to avoid falling, which was recorded by photobeam-circuit 
(Columbus Instruments). For the Morris water-maze task, spatial learning and 
memory was assessed on four daily blocks (days 22, 24, 26 and 28) (Hartman et 
al., 2009; Lekic et al., 2010).  The apparatus consisted of a metal pool (110cm 
diameter), filled to within 15cm of the upper edge, with a platform (11cm 
diameter) for the animal to escape onto that changed location for each block 
(maximum=60sec /trial), and digitally analyzed by Noldus Ethovision tracking 
software. Cued trials measured place learning with the escape platform visible 
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above water. Spatial trials measured spatial learning with the platform 
submerged and probe trials measured spatial memory once the platform was 
removed.  
 
Statistical Analysis 
Statistical significance was considered at P<0.05. Data was analyzed 
using analysis of variance (ANOVA), with repeated-measures (RM-ANOVA) for 
long-term neurobehavior.  Significant interactions were explored with 
conservative Scheffe post hoc test, T-test (unpaired) and Mann-Whitney rank 
sum test when appropriate.  
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Figure 11. (A) Brain Water, (B) Composite Neuroscore, (C) Hematoma Volume, 
(D) Vascular Permeability, and (E) Immunoblots (left) with semi-quantification 
(right) for Collagen-IV, ZO-1, MMP-2 and MMP-9. Values expressed as mean 
±SEM, n= 10 (composite neuroscore) and n= 5 (all others), *P<0.05 compared 
with controls (sham and needle), †P<0.05 compared with collagenase infusion 
(0.15 units)  
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Figure 12. (A) Neurological (modified Garcia scale), (B) Locomotion (open field), 
and (C-E) Sensorimotor (wire suspension for forelimbs, beam balance for quad-
limb, inclined plane for hind-limbs) Assessments. (F) Body Weight. Values 
expressed as mean ±SEM, n=8 (per group), *P<0.05 is comparing collagenase 
infusion (0.15 units, closed triangles) with controls (sham and needle, open 
circles) 
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Figure 13. (A) Motor learning was assessed by the change in the latency to fall 
off an accelerating rotarod (2 rpm/ 5 sec) pre-operatively and across four daily 
blocks. (B) Spatial learning was assessed by the swim distance needed to find 
the visible (cued) versus the hidden (spatial) platforms in the water-maze. (C) 
Memory ability. Values expressed as mean ±SEM (rotarod, cued and spatial 
water-maze) and mean ±95th C.I. (probe quadrant), n=8 (per group), *P<0.05 
compared with controls (sham and needle), †P<0.05 compared with pre-
operation (rotarod) or cued trials (spatial water-maze), and ‡ P<0.05 compared 
with Block 1 (rotarod and spatial water-maze) 
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Table 4  Physiological Variables: Arterial Blood Gases (pH, PO2, PCO2), Mean Arterial 
Blood Pressure (BP), and Heart Rate (HR), during, and (30 Min, 24 Hr, 30 Days) after, 
Collagenase Infusion (C.I.) 
Group 
 
 
pH 
 
 
 
PO2 
 
(mm Hg) 
 
 
PCO2 
 
(mm Hg) 
 
 
BP 
 
(mm Hg) 
 
 
HR 
 
(per min) 
 
During C.I.   
Sham 7.33±0.03 186±15 45±3 81±6 348±40 
Needle 7.39±0.02 184±21 43±5 89±6 369±28 
C.I.—0.15 Units 7.34±0.05 192±11 44±8 89±8 355±33 
C.I.—0.3 Units 7.32±0.03 187±5 46±5 91±5 362±25 
30 Min after C.I.   
Sham 7.32±0.01 185±20 48±5 84±6 347±48 
Needle 7.38±0.05 186±14 44±3 88±8 359±14 
C.I.—0.15 Units 7.30±0.08 188±10 48±9 88±10 351±33 
C.I.—0.3 Units 7.29±0.03 173±17 50±9 90±5  380±37 
 
24 Hr after C.I.      
Sham 7.50±0.04 192±12 36±5 84±5 348±20 
Needle 7.52±0.02 181±7 37±7 78±3 361±17 
C.I.—0.15 Units 7.47±0.03 188±11 38±4 85±9 359±34 
C.I.—0.3 Units 7.38±0.06 179±14 49±9 90±9 329±46 
 
30 Days after C.I.      
Sham 7.5±0.06 182±28 37±8 94±4 369±9 
Needle 7.47±0.03 192±12 36±4 83±5 364±27 
C.I.—0.15 Units 7.47±0.03 190±44 35±4 87±2 358±39 
            
 
Values are mean ± SD.  No significant differences among groups. 
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Results 
Experimental Model of Pontine Hemorrhage 
Systemic physiological variables were stable (see table 4) and all rats 
survived the surgical procedure. Within 30 minutes, the collagenase infused 
animals exhibited craniocaudal rotation, ataxic gait, cranial nerve deficit and limb 
dysfunction. 24 h pathological examinations demonstrated right caudal pontine 
hematomas surrounded with vasogenic edema, without subarachnoid, subdural 
or ventricular bleeding. 
 
Hemostatic and Sensorimotor Characterization at 24 h 
Unilateral collagenase infusion led to dose-dependent elevations of brain 
water, sensorimotor (composite neuroscore) deficit, hematoma volume, and 
vascular permeability (P<0.05, Figure 11A-D). Immunoblots show significant 
activation of MMP-2 and -9, and degradation of collagen-IV and ZO-1 (P<0.05, 
Figure 11E). 
 
Functional Outcome over 30 Days 
Infusion of collagenase (0.15 units) led to significant neurological 
(modified Garcia), locomotor (open field), and sensorimotor (wire suspension, 
beam balance, inclined plane) deficits (P<0.05, Figure 12A-E).  Most parameters 
completely recovered by three weeks, however, the inclined plane performance 
did not improve (P<0.05, Figure 12E). Body weight did not differ between groups 
(P>0.05, Figure 12F). 
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Motor and Spatial Learning Assessment at 3 Weeks 
Collagenase infused (0.15 units) animals performed significantly worse 
than controls across all post-operative rotarod (motor) testing blocks (P<0.05, 
Figure 13A) and were unable to improve upon their pre-operative performance 
(P>0.05), while, as expected, the controls performed better with subsequent 
blocks (P<0.05). For the water-maze, all groups performed the cued trials (place 
learning) without differences (P>0.05, Figure 13B). On spatial blocks, the 
collagenase infused (0.15 units) animals performed significantly worse than 
controls (P<0.05), and were unable to improve upon their cued trials (P>0.05). As 
expected, the controls performed better with subsequent blocks (P<0.05) and 
with the overall spatial probe (memory, Figure 13C).  
 
Discussion 
Application for Hemostatic Studies 
Pontine hemorrhage (PH) is a poorly understood disease without an 
instructive model for experimental purposes (Lekic and Zhang, 2008).  
Hematomal growth is highly associated with worsened patient outcomes (Balci et 
al., 2005; Broderick et al., 1993; Dziewas et al., 2003; Goto et al., 1980; Wijdicks 
and St Louis, 1997).  The control of hemostasis is therefore an important 
therapeutic approach (Steiner and Bosel, 2010), of which collagenase infusion is 
a mechanistic approach that is well suited (Foerch et al., 2008; Thiex et al., 
2004).  We therefore hypothesized that these mechanisms can be tested in this 
model, and our results stand in agreement with the findings by others concerning 
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brain edema, neurodeficit, hematoma volume, blood-brain barrier rupture, and 
MMP-2 and MMP-9 activation (Power et al., 2003; Rosenberg and Navratil, 1997; 
Wang and Tsirka, 2005).  Since the higher dose (0.3 units of collagenase) 
produced a greater range of injury, compared to 0.15 units, we therefore chose 
the lower dose for long-term evaluations.  
 
Importance of Neurocognitive Assessments 
Up to half the survivors of pontine hemorrhage will have lasting and 
disabling sensorimotor and cognitive neurological deficits (Maeshima et al., 2010; 
Masiyama et al., 1985; Nys et al., 2007).  Similar outcomes were achieved in this 
study using collagenase.  Most neurological impairments resolved over the first 
three weeks, while motor-learning on the rotarod and cognitive ability on the 
water-maze remained impaired.  The incomplete (inclined plane) hind-limb 
recovery is most likely rodent-specific due to the region of the pontine lesion, 
mapping to their hind-limb region (Peeters et al., 1999).  Future studies with 
cytoprotective agents could target neurocognitive outcomes so that these 
patients may have a greater recovery some day.  
In conclusion, we have characterized a highly reliable and easily 
reproducible experimental model of pontine hemorrhage using rats. This provides 
a basis for studying both the clinical and pathophysiological features of this 
disease, and establishes a foundation for performing further preclinical 
therapeutic investigations.  
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CHAPTER FIVE 
A NOVEL PRECLINICAL MODEL OF GERMINAL MATRIX HEMORRHAGE 
USING NEONATAL RATS 
 
Abstract 
Background: Germinal matrix hemorrhage (GMH) is a neurological disorder 
associated with very low birth weight premature infants.  This event can lead to 
post-hemorrhagic hydrocephalus, cerebral palsy, and mental retardation. This 
study developed a novel animal model for pre-clinical investigations. Methods: 
Neonatal rats underwent infusion of clostridial collagenase into the right germinal 
matrix (anterior caudate) region using stereotaxic techniques.  Developmental 
milestones were evaluated over ten-days, cognitive function at three weeks, and 
sensorimotor function at four weeks after collagenase infusion. This was 
accomplished by anthropometric quantifications of cranial, cerebral, cardiac and 
splenic growths. Results: Collagenase infusion led to delays in neonatal 
developmental milestones, followed by cognitive and sensorimotor dysfunctions 
in the juvenile animals. Cranial growth was accelerated during the first week after 
injury, and this was followed by significant brain atrophy, splenomegaly and 
cardiac hypertrophy three weeks later. Conclusion: This study characterized the 
developmental delays, mental retardation and cerebral palsy features resembling 
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the long-term clinical course after germinal matrix hemorrhage in premature 
infants. Pre-clinical testing of therapeutics in this experimental model could lead 
to improved patient outcomes, while expanding upon the pathophysiological 
understanding of this disease.  
 
Introduction 
Germinal matrix hemorrhage (GMH) is the rupture of immature blood 
vessels within the sub-ventricular (anterior caudate) progenitor cell region of 
neonatal brains (Ballabh, 2010) during the first 7 days of life (Kadri et al., 2006). 
GMH occurs in 20-25% of very low birth weight (VLBW ≤1500 grams) premature 
infants (Murphy et al., 2002; Vermont-Oxford, 1993; Vohr et al., 2000) and affects 
3.5 per 1,000 births in the United States each year (Heron et al., 2010). This is an 
important clinical problem, since the consequences are hydrocephalus (post-
hemorrhagic ventricular dilation), cognitive and motor developmental delay, 
cerebral palsy and mental retardation (Ballabh et al., 2004; Murphy et al., 2002). 
However, available animal models to study the pathophysiological basis of these 
outcomes is lacking (Balasubramaniam and Del Bigio, 2006). An important 
research priority is the development and validation of experimental models of 
brain hemorrhage for translational studies of human conditions (NINDS, 2005). 
Elevated MMP-2 and MMP-9 are associated with GMH induction in humans 
(Cockle et al., 2007; Schulz et al., 2004). Stereotaxic collagenase infusion is one 
the most commonly used methods in adult experimental intracerebral 
hemorrhage (ICH) studies (MacLellan et al., 2008; Rosenberg et al., 1990) and 
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functions as an MMP to lyse the extracellular-matrix around blood vessels to 
cause vascular rupture (Rosenberg et al., 1990; Yang et al., 1994). This 
approach enables investigations of neurological and brain injury outcomes 
(Andaluz et al., 2002; Foerch et al., 2008; Hartman et al., 2009; Lekic et al., 
2010; MacLellan et al., 2008; Rosenberg et al., 1990; Thiex et al., 2004; Yang et 
al., 1994). In this study, we hypothesized that unilateral germinal-matrix 
collagenase infusion in neonatal rats would model features similar to clinical 
GMH (Ballabh et al., 2004; Murphy et al., 2002). With this approach, applications 
of therapeutic strategies can be tested to improve outcomes and to gain a better 
pathophysiological understanding of this disease (NINDS, 2005). 
 
Methods and Materials 
Animal Groups and General Procedures 
This study was in accordance with the National Institutes of Health 
guidelines for the treatment of animals and was approved by the Institutional 
Animal Care and Use Committee at Loma Linda University. Timed pregnant 
Sprague-Dawley rats were housed with food and water available ad libitum. 
Postnatal day 7 (P7) pups were blindly assigned to the following (n= 8/ group): 
sham (naive), needle (control), and collagenase-infusion.  All groups were evenly 
divided within each litter. 
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Experimental Model of GMH 
Using aseptic technique, rat pups were gently anaesthetized with 3% 
isoflurane (in mixed air and oxygen) while placed prone onto a stereotaxic frame. 
Betadine sterilized the surgical scalp area, which was incised in the longitudinal 
plane to expose the skull and reveal the bregma. The following stereotactic 
coordinates were determined: 1 mm (anterior), 1.5 mm (lateral) and 3.5 mm 
(ventral) from bregma. A borehole (1 mm) was drilled, into which a 27 gauge 
needle was inserted at a rate of 1 mm/min. A microinfusion pump (Harvard 
Apparatus, Holliston, MA) infused 0.3 units of clostridial collagenase VII-S 
(Sigma, St Louis, MO) through a Hamilton syringe. The needle remained in place 
for an additional 10 min after injection to prevent “back-leakage”. After needle 
removal, the burr hole was sealed with bone wax, incision sutured closed, and 
the animals were allowed to recover. The entire surgery took on average 20 
minutes. Upon recovering from anesthesia, the animals were returned to their 
dams. Needle-controls consisted of needle insertion alone without collagenase 
infusion, while naïve animals did not receive any surgery. 
 
Developmental Milestones 
Animals were assessed over 10 days after collagenase infusion. For the 
righting reflex, time needed for the rat pups to completely roll-over onto all four 
limbs after being placed on their backs was measured (Thullier et al., 1997).  For 
negative geotaxis, the time needed for complete rotation (180°) after being 
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placed head down on a slope (20° angle), was recorded (Thullier et al., 1997). 
The maximum allotted time was 60 seconds per trial (2 trials/ day). 
 
Cognitive Measures 
Higher-order brain function was assessed during the third week after 
collagenase infusion. The T-Maze assessed short-term (working) memory 
(Hughes, 2004). Rats were placed into the stem (40 cm ×10 cm) of a maze and 
allowed to explore until one arm (46 cm × 10 cm) was chosen. From the 
sequence of ten trials, of left and right arm choices, the rate of spontaneous 
alternation (0% = none and 100% = complete, alternations/ trial) was calculated, 
as routinely performed (Fathali et al., 2010; Zhou et al., 2009).  The Morris water-
maze assessed spatial learning and memory on four daily blocks, as described 
previously in detail (Hartman et al., 2009; Lekic et al., 2010). The apparatus 
consisted of a metal pool (110cm diameter), filled to within 15cm of the upper 
edge, with a platform (11cm diameter) for the animal to escape onto, that 
changed location for each block (maximum= 60sec /trial), and digitally analyzed 
by Noldus Ethovision tracking software. Cued trials measured place learning with 
the escape platform visible above water. Spatial trials measured spatial learning 
with the platform submerged and probe trials measured spatial memory once the 
platform was removed.  For the locomotor activity, in an open field, the path 
length in open-topped plastic boxes (49cm-long, 35.5cm-wide, 44.5cm-tall) was 
digitally recorded for 30 minutes and analyzed by Noldus Ethovision tracking 
software (Hartman et al., 2009).  
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Sensorimotor Outcome 
At four weeks after collagenase infusion, animals were tested for 
functional ability. Neurodeficit was quantified using a summation of scores 
(maximum= 12), given for 1) postural reflex, 2) proprioceptive limb placing, 3) 
back pressure towards edge, 4) lateral pressure towards edge, 5) forelimb 
placement, and 6) lateral limb placement (2=severe, 1=moderate, 0=none), as 
routinely performed (Fathali et al., 2010). For the rotarod, striatal ability was 
assessed using an apparatus consisting of a horizontal, accelerated (2 rpm/ 5 
sec), rotating cylinder (7cm-diameter x 9.5cm-wide), requiring continuous walking 
to avoid falling recorded by photobeam-circuit (Columbus Instruments) (Hartman 
et al., 2009; Lekic et al., 2010). For foot-fault, the number of complete limb 
missteps through the openings was counted over 2 minutes while exploring over 
an elevated wire (3 mm) grid (20 cm × 40 cm) floor (Zhou et al., 2009).  
 
Assessment of Growth 
Over 28 days after collagenase infusion, the head (width and height) and 
rump-to-crown (length) measurements were performed using a Boley Gauge 
(Franklin Dental Supply, Bellmore, NY), as previously described (Saad, 1990). 
Head-width was measured anterior to the side of ears, head-height from 
posterior the adjacent mandible, and rump-to-crown was the greatest cranial 
(caudal) to tail (rostral) extension. At the completion of experiments, the brains 
were removed, and hemispheres separated by midline incision (loss of brain 
weight has been used as the primary variable to estimate brain damage in 
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juvenile animals after neonatal brain injury (Andine et al., 1990)). For organ 
weights, the spleen and heart were separated from surrounding tissue and 
vessels. The quantification was performed using an analytical microbalance 
(model AE 100; Mettler Instrument Co., Columbus, OH) capable of 1.0µg 
precision. 
 
Statistical Analysis 
Significance was considered at P<0.05. Data was analyzed using analysis 
of variance (ANOVA), with repeated-measures (RM-ANOVA) for long-term 
neurobehavior.  Significant interactions were explored with conservative Scheffe 
post hoc and Mann-Whitney rank sum when appropriate.  
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Figure 14. Developmental Delays: Neonates were assessed for: (A) Eye Opening 
latency, (B) Negative Geotropism, and (C) Righting Reflex, over ten days after 
collagenase infusion.  Values expressed as mean ±SEM, n=8 (per group), 
*P<0.05 compared with controls (sham and needle trauma) 
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Figure 15. Cognitive Dysfunction: Higher-order function was measured at the 
third week after collagenase infusion. (A) Cued and Spatial Learning Water-
maze, (B) Probe (Spatial Memory) Water-maze, (C) T-maze, (D) Open field 
(percent time in corner) and (E)  Open field (center crossing frequency). Values 
expressed as mean ±95th C.I. (probe quadrant) or mean ±SEM (all others), n=8 
(per group), *P<0.05 compared with controls (sham and needle trauma), and ‡ 
P<0.05 compared with Block 1 (spatial learning water-maze) 
 84 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Sensorimotor Dysfunction: Cerebral palsy measurements were 
performed in the juveniles at one month after collagenase infusion: (A) 
Neurodeficit Score, (B) Rotarod and (C) Foot fault.  Values expressed as mean 
±SEM, n=8 (per group), *P<0.05 compared with controls (sham and needle 
trauma) 
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Figure 17. Cranial and Somatic Pediatric Growth: One month assessment of: (A) 
Head Size (Cranial Area/ Body Length), (B) Body Weight, (C) Brain Weight, (B) 
Cardiac Weight and (C) Splenic Weight.  Values expressed as mean ±SEM, n=8 
(per group), *P<0.05 compared with controls (sham and needle trauma) 
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Results 
Collagenase infusion delayed the developmental acquisition of eye 
opening, negative geotropism and righting reflex by 2-3 days (Figures 14A-14C, 
P<0.05). Three weeks after GMH, significant deficits were discovered in spatial 
learning and memory (Figures 15A and 15B, P<0.05), T-maze (working) memory 
(Figure 15C, P<0.05), and hyperactivity, in the open field (decreased corner time 
and increased center crossings, Figures 15D and 15E, P<0.05). Juvenile animals 
had significant sensorimotor dysfunction, as revealed by the neurodeficit score, 
accelerating rotarod and foot fault (Figures 16A-16C, P<0.05). These 
dysfunctions were associated with increased cranial size at 7 days (Figure 17A, 
P<0.05), and dysfunctional growth of the body, brain, heart and spleen (Figures 
17B-17E, P<0.05) three weeks later. 
 
Discussion 
Germinal matrix hemorrhage (GMH) is an important problem affecting 
approximately 12,000 births in the United States each year (Heron et al., 2010). 
The clinical consequences of GMH are developmental delay, cerebral palsy and 
mental retardation (Ballabh et al., 2004; Murphy et al., 2002).  This study infused 
collagenase into the germinal matrix of neonatal rats as an approach to model 
these features, since animal models to study the basis of these outcomes is 
lacking (Balasubramaniam and Del Bigio, 2006). 
 
 87 
This neonatal rat model of GMH resembles the neurological 
consequences seen in the pediatric population after hemorrhagic brain injury.  
Collagenase infusion led to developmental delays in the neonates that were 
followed by cognitive and sensorimotor dysfunction in the juvenile developmental 
stage. The cranium was enlarged compared to somatic growth during the first 
week, with significant brain atrophy, three weeks later. This presentation is likely 
a reflection of hydrocephalic cerebrospinal fluid build-up, leading to the cranial 
expansion and compression the brain tissue into an atrophic developmental 
growth pattern.  Splenomegaly and cardiac-hypertrophy presented at one month 
after injury, and this could either be a reflection of the disproportionate somatic 
growth, or from prolonged peripheral hemostatic or inflammatory consequences 
to the brain bleed. 
In summary, we have characterized a highly reliable and easily 
reproducible experimental model of germinal matrix hemorrhage using neonatal 
rats. This provides the basis for studying the clinical and pathophysiological 
features of this disease, and establishes a foundation for performing further 
preclinical therapeutic investigation. 
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CHAPTER SIX 
GENERAL DISCUSSION 
 
Cerebellar Hemorrhage 
For intracerebral hemorrhage, the control of hemostasis is related both to 
the therapeutic approaches,(Steiner and Bosel, 2010) and the propensity for 
injury through anticoagulant-use.(Prabhakaran et al., 2010)  Epidemiological 
findings show that anticoagulant-associated ICH occurs more commonly at the 
cerebellum.(Flaherty et al., 2006)  Since collagenase-induced ICH studies have 
evaluated hemostatic outcomes with clinically relevant anticoagulants 
(warfarin(Foerch et al., 2008) and tPA(Thiex et al., 2004)), we hypothesized 
these mechanisms are valid in this model as well. This hypothesis was tested, 
and found to stand in agreement with the findings by others concerning brain 
edema, neurodeficit, hematoma volume, blood-brain barrier rupture, and MMP-2 
and MMP-9 activation.(Power et al., 2003; Rosenberg and Navratil, 1997; Wang 
and Tsirka, 2005) On the other hand, the lower dose (0.2 units of collagenase) 
failed to reproduce significant sensorimotor deficits at one day after 
injury.(MacLellan et al., 2008)  Therefore, we chose 0.6 units of collagenase for 
the long-term studies.  This is near to what was shown to avoid 
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neurotoxicity,(Matsushita et al., 2000)  although this consideration is not a factor 
after cerebellar hemorrhage.(Qureshi et al., 2003) 
Almost one-half of cerebellar hemorrhage survivors will retain deficits 
pertaining to motor-learning and visuospatial neurocognitive domains despite 
rehabilitation from ipsilateral losses of muscle tone, strength and 
coordination.(Baillieux et al., 2008; Dolderer et al., 2004; Kelly et al., 2001; Strick 
et al., 2009) Similar patterns were achieved in this study by using collagenase.  
Most neurological impairments resolved over the first three weeks, while motor-
learning on the rotarod and cognitive ability on the water-maze remained 
impaired.  The incomplete hind-limb (inclined plane) recovery is most likely 
rodent-specific due to the central placement of the cerebellar lesion, mapping to 
their hind-limb region, while the forelimbs are located more peripherally.(Peeters 
et al., 1999)  Future studies with cytoprotective agents could target 
neurocognitive outcomes so that these patients may have greater recovery one 
day.  
The cerebellum is organized into a geometric lattice with one-tenth the 
cerebral cortical volume, but four times the neuronal amount.(Andersen et al., 
1992)  Thirty days after collagenase infusion, we found a well circumscribed 
cystic-cavitary lesion within the right cerebellum.  The atrophy was focal and did 
not affect the contralateral side, similar to basal ganglia hemorrhage using 
rats.(MacLellan et al., 2008)  There also wasn’t any difference between percent 
atrophy of the individual cerebellar layers; however, the early contralateral 
spreading of edema was followed by a bilateral loss in purkinje cell density one 
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month later. Since purkinje cells are the primary output of the 
cerebellum,(Baillieux et al., 2008) this could further augment neurocognitive 
deficits.  All together, the neuronal tissue losses, present an appealing target for 
future neuroprotection. 
In summary, we have characterized a highly reliable and easily 
reproducible experimental model of cerebellar hemorrhage using rats. This 
provides a basis for studying both the clinical and pathophysiological features of 
this disease, and establishes a foundation for performing further preclinical 
therapeutic investigations.  
 
Postpartum Stroke 
Intracerebral hemorrhage (ICH) is the least treatable form of stroke 
clinically, and is a devastating complication after pregnancy accompanied by life-
long neurodeficits (Bateman et al., 2006; Broderick et al., 1999; Ciccone et al., 
2008; Gebel and Broderick, 2000; Kittner et al., 1996; Skriver and Olsen, 1986).  
This study infused collagenase into the unilateral (right) side of the cerebellar 
hemisphere of postpartum rats, as an approach to model these features, since 
available animal models to study the pathophysiological basis of these outcomes 
is lacking. 
Our results are in support of the clinical evidence for cerebral vascular 
vulnerability in the postpartum period. Around half the cases of ICH in this patient 
population will have the eclampsia (Sharshar et al., 1995), and this is related to 
hemostatically relevant increases of aquaporin-4 (AQP4) expression, blood-brain 
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barrier (BBB) disruption, and brain edema (Quick and Cipolla, 2005). In 
agreement, we found greater AQP4, and diminished COL-4 (collagen-IV) and 
ZO-1, expressions in the cerebella of postpartum female shams compared to the 
male controls. The collagenase model is an ideal method for study, since it did 
not alter these levels any further, however, the increased vascular vulnerability in 
postpartum animals, led to greater brain edema, neurodeficit, BBB-rupture and 
hematoma size across most doses studied.  The lack of significant difference in 
cerebellar water at the highest collagenase dose (0.6 U) is likely either a 
reflection of mortality (i.e. severely injured animals died), or due to the high 
baseline AQP4 expressions leading to an edematous outflow.  
In summary, we have characterized a highly reliable and easily 
reproducible experimental model of intracerebral hemorrhage using postpartum 
rats. Since the cerebellum contains some of the highest levels of AQP4 
(Verkman, 2002) with the greatest AQP4 increase during the postpartum period 
(Wiegman et al., 2008), this ICH model provides a basis for studying the clinical 
and pathophysiological features of this disease, while establishing a foundation 
for performing further preclinical therapeutic investigations. 
 
Pontine (brainstem) Hemorrhage 
Pontine hemorrhage (PH) is a poorly understood disease without an 
instructive model for experimental purposes (Lekic and Zhang, 2008).  
Hematomal growth is highly associated with worsened patient outcomes (Balci et 
al., 2005; Broderick et al., 1993; Dziewas et al., 2003; Goto et al., 1980; Wijdicks 
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and St Louis, 1997).  The control of hemostasis is therefore an important 
therapeutic approach (Steiner and Bosel, 2010), of which collagenase infusion is 
a mechanistic approach that is well suited (Foerch et al., 2008; Thiex et al., 
2004).  We therefore hypothesized that these mechanisms can be tested in this 
model, and our results stand in agreement with the findings by others concerning 
brain edema, neurodeficit, hematoma volume, blood-brain barrier rupture, and 
MMP-2 and MMP-9 activation (Power et al., 2003; Rosenberg and Navratil, 1997; 
Wang and Tsirka, 2005).  Since the higher dose (0.3 units of collagenase) 
produced a greater range of injury, compared to 0.15 units, we therefore chose 
the lower dose for long-term evaluations.  
Up to half the survivors of pontine hemorrhage will have lasting and 
disabling sensorimotor and cognitive neurological deficits (Maeshima et al., 2010; 
Masiyama et al., 1985; Nys et al., 2007).  Similar outcomes were achieved in this 
study using collagenase.  Most neurological impairments resolved over the first 
three weeks, while motor-learning on the rotarod and cognitive ability on the 
water-maze remained impaired.  The incomplete (inclined plane) hind-limb 
recovery is most likely rodent-specific due to the region of the pontine lesion, 
mapping to their hind-limb region (Peeters et al., 1999).  Future studies with 
cytoprotective agents could target neurocognitive outcomes so that these 
patients may have a greater recovery some day.  
In summary, we have characterized a highly reliable and easily 
reproducible experimental model of pontine hemorrhage using rats. This provides 
a basis for studying both the clinical and pathophysiological features of this 
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disease, and establishes a foundation for performing further preclinical 
therapeutic investigations.  
 
Germinal Matrix (Intraventricular) Neonatal Hemorrhage 
Germinal matrix hemorrhage (GMH) is an important problem affecting 
approximately 12,000 births in the United States each year (Heron et al., 2010). 
The clinical consequences of GMH are developmental delay, cerebral palsy and 
mental retardation (Ballabh et al., 2004; Murphy et al., 2002).  This study infused 
collagenase into the germinal matrix of neonatal rats as an approach to model 
these features, since animal models to study the basis of these outcomes is 
lacking (Balasubramaniam and Del Bigio, 2006). 
This neonatal rat model of GMH resembles the neurological 
consequences seen in the pediatric population after hemorrhagic brain injury.  
Collagenase infusion led to developmental delays in the neonates that were 
followed by cognitive and sensorimotor dysfunction in the juvenile developmental 
stage. The cranium was enlarged compared to somatic growth during the first 
week, with significant brain atrophy, three weeks later. This presentation is likely 
a reflection of hydrocephalic cerebrospinal fluid build-up, leading to the cranial 
expansion and compression the brain tissue into an atrophic developmental 
growth pattern.  Splenomegaly and cardiac-hypertrophy presented at one month 
after injury, and this could either be a reflection of the disproportionate somatic 
growth, or from prolonged peripheral hemostatic or inflammatory consequences 
to the brain bleed. 
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In summary, we have characterized a highly reliable and easily 
reproducible experimental model of germinal matrix hemorrhage using neonatal 
rats. This provides the basis for studying the clinical and pathophysiological 
features of this disease, and establishes a foundation for performing further 
preclinical therapeutic investigation. 
 
Conclusion 
The hindbrain has many critical neural tracts and nuclei involved in 
processing and transmitting information between the cerebral cortexes and 
spine.  Furthermore, injury to this area can be particularly devastating. This brain 
region may have less innate neurovascular protective mechanisms, and greater 
amount of cell death and injury in comparison to supratentorial strokes.  A very 
limited, yet significant amount of experimental study has been done for ischemic 
posterior circulation stroke, while hemorrhage into the infratentorium has 
received no study to date. In spite of shared mechanisms between ischemic and 
hemorrhagic strokes, there is an urgent need to study ICH in the hindbrain. 
Future studies can use these new models of ICH, and an array of other ischemic 
models, to test interventions for reversing the mechanisms of injury in this brain 
region.   
The post-partum state reverses the cytoprotective effects commonly 
associated with the female gender, and this leads to greater brain injury and 
worsened neurological function after cerebellar hemorrhage. This model can be 
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used to test future treatment strategies after ICH, and to better understand the 
mechanistic basis for brain injury in this important patient population.  
Germinal matrix hemorrhage is an important neurological problem 
associated with prematurity. Pre-clinical animal models need to be developed to 
study this condition further. This experimental model mimics the clinical situation 
well, and further translational investigations can be applied to test treatment 
strategies. 
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